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ABSTRACT 

Rhombomylus is a gliroid mammal endemic to several early Eocene localities of central and 
eastern Asia. It is best represented by a collection of numerous jaws and teeth, dozens of 
juvenile and adult skulls, and associated postcranial specimens from the early Eocene Yu- 
huangding Formation at the Dajian village, Junxian County, Hubei Province, China. These 
specimens are the best preserved material of early nonrodent, nonlagomorph Glires known to 
date, and they provide a unique opportunity for us to understand anatomy, intraspecies vari¬ 
ation, postnatal ontogeny, phylogeny, and evolution of basal gliroid mammals. 

This study opens with an introduction to the current knowledge of the phylogeny of gliroid 
mammals, a brief review of the research history of Rhombomylus, and a description of the 
locality where the specimens were collected. The core of the study consists of a taxonomic 
revision of the genus, a detailed description of the osteological morphology, extensive analyses 
on morphological characters, analyses on phylogeny, discussions on divergence time of the 
Glires, and analyses on functional morphology of mastication and locomotion. 

In comparing all known specimens assigned to the genus, we recognize only a single spe¬ 
cies, Rhombomylus turpanensis, for the genus and consider “A laianensis” a junior synonym 
of R. turpanensis. This monotypic genus is rediagnosed. As a typical gliroid mammal, Rhom¬ 
bomylus possesses the following features: a single pair of enlarged, ever-growing incisors in 
both upper and lower jaws, the enamel band covering primarily the anterior and lateral surface 
of the incisor, a large diastema between the incisor and premolars, and a dental formula of 
dI2, CO, P3-P4, Ml-M3/di2, cO, p3-p4, ml-m3. The single pair of upper incisors distinguishes 
Rhombomylus front duplicendentate Glires. Rhombomylus is more similar to Matutinia than 
to other simplicidentate Glires in having the following features: a broad hypocone shelf on 
the upper cheek tooth, a specialized zygomatic arch formed by the maxilla and jugal, an 
expanded mastoid of the petrosal that is exposed on the skull roof between the squamosal and 
parietal, an extensively interdigital suture between the premaxilla and frontal, a contribution 
of the ectotympanic to the medial wall of the glenoid fossa, and a distinct external meatus 
contacting the squamosal and blocking the postglenoid fossa posteriorly. Rhombomylus differs 
from Matutinia in being generally larger, in having higher tooth crowns, a stronger protocone 
and paracone, a complete vertical groove on the lingual surface of cheek teeth, and stronger 
crests on cheek teeth, and in lacking the carotid foramen in the auditory region. In general, 
Rhombomylus is more derived in morphology than is Matutinia. 

Although the general skull morphology of Rhombomylus is rodentlike, the dental morphol¬ 
ogy and detailed anatomy of the skull display unique specialization of the genus. Upper tooth 
crowns are higher lingually than labially. Lophs are well developed, whereas cusps are not 
distinct. The incisor enamel is pauciserial and has two layers, with the outer layer being poorly 
differentiated. The enamel is thicker basally than apically in the same incisor and thicker in 
incisors of adult individuals than in juveniles. The basic enamel microstructure does not vary 
much at different sections of the same incisor, nor does it differ significantly in incisors from 
individuals of different ages. The thinnest enamel of the cheek teeth is on the occlusal surface, 
whereas the thickest is along the anterior surface of the upper tooth and the posterior wall of 
the lower tooth trigonid; these two regions are the main shearing surfaces of cheek teeth. 
Although the enamel microstructure varies from area to area on the same cheek tooth, there 
is always a region where the enamel microstructure is comparable to that of the incisor. The 
shearing facets on the cheek teeth bear numerous fine pits and striations. The orientation of 
the striations indicates a lateromedial movement of the mandible during mastication. Lack of 
enamel ridges on the occlusal surface and predominance of fine striations and pits on the wear 
facets of teeth suggest a dietary preference on soft vegetation. The skull in general is rodent¬ 
like, although the temporal region is primitively larger. Specialized cranial features include a 
strong zygomatic process of a complex shape, a complete bulla, expanded mastoid of the 
petrosal, exposure of the mastoid on the skull roof, loss of the internal carotid and stapedial 
arteries, the postglenoid foramen situated in the end of the glenoid fossa, and exclusion of the 
squamosal from the middle ear region. Cross sections show that the nasal cavity is simple and 
lacks any paranasal sinus except for possible existence of the maxillary sinus. The Jacobson’s 
fossa is well developed. The ethmoid is similar to that of rodents in having four endoturbinals 
with the lamella of the second split to form two olfactory plates and a low number of ecto- 
turbinals. Unlike other mammals in which the two olfactory plates of endoturbinal II inroll in 
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the same direction, those of Rhombomylus inroll oppositely. In addition, entoturbinal III and 
IV fold dorsally instead of ventrally. The brain of Rhombomylus has relatively long olfactory 
lobes, small and unconvoluted cerebrum and cerebellum, and relatively narrow, long cerebrum. 

The postcranial skeleton of Rhombomylus is relatively conservative compared to the den¬ 
tition and skull. The scapula is triangular in shape with distinct anterior and posterior angles. 
The clavicle is slim. The humerus has a low but prominent greater tubercle, a moderate 
deltopectoral crest, a moderate lateral epicondylar crest, and a deep olecranon fossa. The ulna 
has a large olecranon process and a deep trochlear notch. The hindlimb is much longer than 
the forelimb. The femur has a high greater trochanter, a posteromedially directed lesser tro¬ 
chanter, a slender shaft, a deep patellar trochea, and an anteroposteriorly deep distal epiphysis. 
The tibia and fibula are also elongate and separate. The tibial crest is prominent. The upper 
ankle joint has the calcaneofibular contact. 

Based on the morphology of Rhombomylus, the literature, and observation of specimens 
and casts of other mammals, we analyzed and tabulated 227 dental, cranial, and postcranial 
characters (608 states) among 50 terminal taxa. Characters were selected based on their use 
in previous studies, their amenability to description as discrete states, and a nonautapomorphic 
distribution. Terminal taxa include both fossil and extant genera and are representative of main 
Glires subgroups and of other eutherians that have been previously considered to be relatives 
of gliroid mammals. Fossil Glires chosen for the study are those represented by relatively 
complete material. 

Phylogenetic analyses were conducted using MacClade and PAUP*. Five strict consensus 
cladograms resulted from heuristic searches based on three datasets, respectively: the dental, 
skeletal, and combined data matrix. Detailed information is provided for the preferred clado- 
gram that was obtained from the combined data with all characters unordered. In all of the 
cladograms, the clade of Glires is identified. In the preferred cladogram the clade is supported 
by the highest Bremer index (5), branch length (45), and bootstrapping value (100). The sister 
group of the Glires is preferably the clade consisting of Anagale, Anagalopsis, and Pseudic- 
tops. In any case, zalambdalestids were only distantly related to the Glires. Within the Glires, 
clades of Duplicendentata, Simplicendentata, Eurymylidae, Lagomorpha, and Rodentia are 
identified. The clades of Duplicendentata and Lagomorpha are relatively robust, whereas that 
of the Simplicendentata is weakly supported. Our analyses identified a clade consisting of 
Eurymylus, Heomys, Rhombomylus, and Matutinia, which are the core members of the Eu¬ 
rymylidae. The phylogenetic position of Sinomylus is unstable. In Rodentia, the clade of the 
Hystricognathi is robust. Tataromys forms the sister group of the Hystricognathi—a clade 
named Hystricognathiformes. Sciurognath rodents are paraphyletic. Cavia is deeply nested in 
rodents; its removal from rodents and attachment to the primates or other clades significantly 
increases the steps of character transformations on the cladogram. 

Phylogenetically constrained distributions of the selected taxa indicate that the divergences 
of the Glires from other eutherian clades, between Lagomorpha and Rodentia, and among the 
main subgroups of rodents do not predate the Cretaceous—Tertiary boundary. Phylogenies and 
distributions of gliroid mammals at various levels support the traditional view that modern 
placental orders evolved after the Cretaceous—Tertiary boundary in an explosive pattern and 
disagree with hypotheses that attempt to reconcile the discrepancies between molecular clock 
dating and fossil records of modern placental divergences. These hypotheses include low 
preservation rates of Cretaceous mammals, lack of morphologically diagnostic features in 
Cretaceous taxa, unknown Cretaceous fossil records in southern continents, and deep supe¬ 
rordinal branching of eutherian mammals in the Cretaceous. 

The masticatory apparatus and mastication of Rhombomylus are similar to those of lago- 
morphs in having upper cheek teeth wider than the lower ones, cheek teeth with transverse 
shearing ridges, main shearing facets on the anterior surface of the upper cheek tooth and the 
posterior wall of the trigonid of the lower, the thickest enamel forming the main shearing 
edges, and power strokes of chewing unilaterally and buccolingually directed with both shear¬ 
ing and crushing. The masticatory apparatus and mastication of Rhombomylus are similar to 
those of rodents in absence of 13 and P2, an anteroposteriorly elongate glenoid fossa, a rela¬ 
tively long minimum working distance of the mandible, upper diastema longer than the lower 
one, and similarity in the general morphology of the mandible. The masticatory apparatus of 
Rhombomylus shows several primitive conditions compared with more advanced gliroid mam¬ 
mals, including posteriorly positioned masseter muscles, larger coronoid process of the man- 


2003 


MENG ET AL.: RHOMBOMYLUS 


7 


dible and temporal region of the skull, slender incisors, enamel pauciserial, and primarily 
transverse movement of the mandible during mastication. The chewing cycle of Rhombomylus 
can be divided into six phases: rest position of the anisognathic dentition; jaw opening and 
moving labially to the working side; vertical movement of the lower jaw to bring the upper 
and lower teeth into contact; transverse shearing between teeth; compression between the 
enlarged hypocone shelf and the trigonid and between the talonid basin and the protocone; 
and back to rest position. 

Conclusions on evolution of the masticatory apparatus of gliroid mammals include: (1) The 
propalinal movement of the mandible that permits gnawing and incisor sharpening is a gliroid 
synapomorphy. (2) Although all gliroid mammals can move lower jaws anteroposteriorly for 
incisal biting and sharpening, only some advanced forms are capable of propalinal mastication. 
The propalinal mastication is a derived condition and has been independently evolved several 
times in rodents. (3) The evolution of the gnawing function is prior to and independent of that 
of the propalinal chewing and is prior to the anterior shift of the jaw muscles. (4) Anterior 
shifting of the jaw muscles was originally and primarily to emphasize the strength of the 
incisal bite. (5) Modifications in jaw musculature occur in several directions independently 
among various gliroid groups, particularly rodents. (6) Acquisition of some cranial features 
such as the anteroposteriorly elongate glenoid fossa is originally related to gnawing and incisor 
sharpening, not to mastication. (7) Reduction in number of teeth is a general evolutionary 
trend in rodents; however, number of enamel bands functioning as grinding edges commonly 
increases. (8) The mastication in gliroid mammals evolved from primarily crushing and shear¬ 
ing to grinding; the latter is more efficient for processing vegetable food with tough fabers. 
(9) The evolution of rodent mastication is a refining process that involves many aspects of 
the masticatory apparatus including the skull, mandible, jaw muscles, tooth morphologies, 
tooth size, enamel structures, and chewing rates. Refinement of various masticatory features 
evolved independently in different directions and in mosaic combinations. The heterochronical 
acquisition of masticatory features and the mosaic distributions of these features convey phy¬ 
logenetic information at various levels for the Glires. 

Morphological analog with extant mammals indicate that the forelimbs of Rhombomylus do 
not show specialization toward either arboreal, terrestrial cursorial, or fossorial behavior. The 
forearms are probably capable of extensive movement in anteroposterior directions, but with 
limited abduction and adduction. They may also have the capacity for supination and pronation 
to some extent in food manipulation. The hindlimb of Rhombomylus shows many character¬ 
istics of terrestrial mammals. Some features even suggest capability of running or jumping. 
The hindlimb is much longer than the forelimb, indicating asymmetrical gait. Rhombomylus 
is basically a terrestrial mammal, capable of walking or jumping with an asymmetrical gait. 


INTRODUCTION 

In a simplified picture Glires includes two 
mammalian orders, Lagomorpha and Roden- 
tia. Lagomorpha (pikas, rabbits, and hares) 
comprises two living families (13 genera, 81 
species) (Nowak, 1999) and 56 fossil genera 
(McKenna and Bell, 1997) that first appeared 
in the Paleocene of Asia (Dawson, 1977; 
McKenna, 1982), although it is debatable 
whether some of these fossils are lago- 
morphs. Rodentia consists of 29 Recent fam¬ 
ilies (about 468 genera, 2052 species) (No¬ 
wak, 1999) and 743 extinct genera (McKen¬ 
na and Bell, 1997) that date to the late Pa¬ 
leocene of North America (Wood, 1962; 
Dawson et al., 1984; Korth, 1984; Dawson 
and Beard, 1996). Lagomorphs and rodents 
constitute nearly half the species diversity of 


extant mammals, provide medical subjects, 
physiological models, and molecular resourc¬ 
es, and are the subject of many biological 
experiments (Flynn, 1994). 

Glires was first proposed by Linnaeus 
(1758), and at that time included known liv¬ 
ing rodents, lagomorphs, and one perissodac- 
tyl ( Rhinoceros ) mainly on the basis of a pair 
of enlarged incisors in both lower and upper 
jaws of these taxa. By the same token, the 
primate Daubentonia and diprotodontan mar¬ 
supials were once classified with rodents at 
the beginning of the 19th century (Cuvier, 
1800—1805). Rhinoceros, Daubentonia, and 
diprotodontan marsupials were afterward 
firmly removed from Glires, while the rela¬ 
tionship between rodents and lagomorphs be¬ 
came doubtful (Illiger, 1811; de Blainville, 
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1816; Gervais, 1848; Brandt, 1855; Tullberg, 
1899; Weber, 1904; Gidley, 1912). 

Although contemporary systematists had 
increasingly gained confidence to define ro¬ 
dents and to separate them from lagomorphs 
(Gidley, 1912; Simpson, 1945; Hartenberger, 
1985; Wilson, 1989), Glires monophyly has 
proven one of the most controversial issues 
in higher level mammalian systematics of the 
20th century (Wilson, 1949; Wood, 1957; 
Dawson, 1967; Landry, 1974, 1999; Luckett 
and Hartenberger, 1985; Li and Ting, 1985; 
Novacek, 1990; Jaeger, 1988; Luckett and 
Hartenberger, 1993). For many years Landry 
(1970, 1974) was the only active defender in 
North America for a special relationship of 
lagomorphs and rodents (Li et al., 1987). In 
some studies, the Rodentia was even regard¬ 
ed as an incertae sedis group among euthe- 
rian mammals (Olson, 1971; McKenna, 
1975; Szalay, 1977). 

The advent of phylogenetic systematics 
and recognition that synapomorphy rather 
than degree of morphologic difference is the 
appropriate arbiter of evolutionary relation¬ 
ship have again brought the Glires question 
into focus. Discoveries of several early gli- 
roid mammals from Asia further tilted the 
scale toward the Glires monophyly (Ginger- 
ich and Gunnell, 1979; Gingerich and Mc¬ 
Kenna, 1980; Hartenberger, 1980; Korth, 
1984; Dawson et al., 1984; Wilson, 1989; 
Landry, 1999). Indeed, numerous investiga¬ 
tions have been made in exploring relation¬ 
ships among gliroid mammals (Luckett, 
1977, 1985; Hartenberger, 1977, 1980, 1985; 
Szalay, 1977, 1985; Li, 1977; Li and Ting, 
1985, 1993; Li et al., 1987; McKenna, 1982; 
Novacek, 1982b, 1985; Dashzeveg and Rus¬ 
sell, 1988; Dashzeveg, 1990a, 1990b; Luck¬ 
ett and Hartenberger, 1993; Meng et al., 
1994). In most of these studies, however, 
characters have been cited frequently as self- 
evident or have been sampled across a lim¬ 
ited number of Glires taxa. Morphological 
data from different parts of the organisms 
have never been fully integrated in a syn¬ 
thetic study using cladistic methodology. 

In addition to the sister-group relationship 
of rodents and lagomorphs, each group has 
for a time been allied with other mammalian 
taxa. Rodents were related to multitubercu- 
lates (Major, 1893; Hinton, 1926; Friant, 


1932), mixodectids (Osborn, 1902), tillo- 
donts and taeniodonts (Cope, 1888), primates 
(McKenna, 1961; Van Valen, 1966, 1971; 
Lillegraven, 1969; Wood, 1962, 1977; Pat¬ 
terson and Wood, 1982), leptictids (Szalay, 
1977, 1985), and eurymylids (Li, 1977; Li 
and Yan, 1979; Gingerich and Gunnell, 
1979; Gingerich and McKenna, 1980; Har¬ 
tenberger, 1980; Korth, 1984; Dawson et al., 
1984; Wilson, 1989; Meng et al., 1994; 
Meng and Wyss, 2001). Lagomorphs, on the 
other hand, were associated with tricono- 
donts (Gidley, 1906; Ehik, 1926), artiodac- 
tyls (Gidley, 1912; Hiirzeler, 1936; Moody et 
al., 1949), condylarths (Wood, 1957), za- 
lambdodont insectivorans (L.S. Russell, 
1959), pseudictopids (Van Valen, 1964), an- 
agalids (Szalay and McKenna, 1971), ma- 
croscelidids (McKenna, 1975), eurymylids 
(Wood, 1942), zalambdalestids (Szalay and 
McKenna, 1971; McKenna, 1975, 1994), and 
mimotonids (Li and Yan, 1979; Li and Ting, 
1985, 1993; Meng et al., 1994; Meng and 
Wyss, 2001). Of all the postulated relation¬ 
ships, the following ones are current. 

Rodent-Primate Relationship: McKenna 
(1961) recognized that an upper cheek tooth 
of Acritoparcimys atavus resembles those of 
Plesiadapis and Phenacolemur, and that it 
probably suggests relationships near the base 
of rodents and primates. This idea was fol¬ 
lowed by others (Van Valen, 1966; Lillegrav¬ 
en, 1969; Wood, 1962, 1977; Patterson and 
Wood, 1982) and was most clearly addressed 
by Wood (1977), who proposed that south¬ 
eastern North America became the most 
probable area of origin, with the order pre¬ 
sumed to have arisen (most probably from 
primates) in the middle Paleocene. A rodent- 
primate relationship, although thought still 
unfalsified (Butler, 1985), is further compli¬ 
cated by recent recognition of relationships 
between plesiadapiformes and Dermoptera 
on the basis of the postcranial and cranial 
similarities (Beard, 1990, 1993a, 1993b; Kay 
et al., 1990), despite that the strength of the 
cranial evidence has been questioned by oth¬ 
ers (Wible and Martin, 1993). 

Rodent-Leptictid Relationship: The 
North American fossil family Leptictidae 
provided the ancestral stock for Rodentia, be¬ 
cause the two taxa share some similarities in 
postcranial skeletons and because, on the 
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other hand, there is no postcranial evidence 
to support a rodent-lagomorph relationship 
(Szalay, 1977, 1985). The nature of those 
shared postcranial similarities (i.e., whether 
they are uniquely shared by the two taxa) has 
been questioned by several authors (Nova- 
cek, 1980; Luckett and Hartenberger, 1985). 
On the contrary, cranial characters indicate a 
sister group of rodents and lagomorphs, re¬ 
jecting a leptictid-rodent clade (Novacek, 
1986b). 

Lagomorph-Zalambdalestid Relation¬ 
ship: Lagomorphs are closely related to za- 
lambdalestids to the exclusion of rodents 
(Szalay and McKenna, 1971; McKenna, 
1975). Recently, McKenna (1994) argued 
that the Late Cretaceous Barunlestes ( Za- 
lambdalestes as well) “seems to me to be a 
distant relative of lagomorphs—closer to 
them than to many other kinds of mammals 
because it seems to share at least a few de¬ 
rived features with them.” A lagomorph-za- 
lambdalestid relationship not only extends 
the known history of lagomorphs into the 
Cretaceous but also forces either rejection of 
Glires monophyly or a greatly expanded con¬ 
cept of Glires. 

Rodent-Eurymylid-Lagomorph-Mimo- 
tonid Relationship: Rodents and lago¬ 
morphs share an ancestor in common with 
basal gliroid mammals such as eurymylids 
and mimotonids, an assumption amounting 
to an expanded concept of Glires currently 
favored by many paleontologists (Li, 1977; 
Li and Yan, 1979; Gingerich and Gunnell, 
1979; Gingerich and McKenna, 1980; Har¬ 
tenberger, 1980, 1985; Korth, 1984; Dawson 
et al., 1984; Flynn et al., 1986; Li et al., 
1987; Wilson, 1989; Meng et al., 1994; 
Meng and Wyss, 2001). In this relationship, 
rodents and eurymylids usually form Sim- 
plicidentata, a group characterized mainly by 
a single pair of incisors in both lower and 
upper jaws, whereas two pairs of upper in¬ 
cisors link lagomorphs and mimotonids as 
Duplicidentata. Despite the agreement 
among these paleontologists, there are still 
many problems existing in this scenario, such 
as the monophylies of Rodentia, Simplici- 
dentata, Duplicidentata, Eurymylidae, and 
Mimotonidae; the placement of Heoinys; and 
the interpretation of some character transfor¬ 
mations (Li and Ting, 1985, 1993; Flynn et 


al., 1986; Flynn et al., 1987; Dashzeveg et 
al., 1987; Dashzeveg and Russell, 1988; 
Luckett and Hartenberger, 1993; Meng et al., 
1994; McKenna and Meng, 2001; Meng and 
Wyss, 2001). 

Molecular Hypotheses: Molecular stud¬ 
ies further indicate that the Glires problem 
partially interlocks with systematic problems 
of other eutherians. Several hypotheses con¬ 
cerning Glires have been proposed, including 
nonmonophyly of Rodentia (Graur et al., 
1991, 1992; Li et al., 1992; D’Erchia et al., 
1996), a primate-lagomorph clade (Easteal, 
1990; Penny et al., 1991), a primate-rodent - 
lagomorph relationship that involves tree 
shrews (Miyamoto and Goodman, 1986; 
Czelusniak et al., 1990), and a supraordinal 
clade comprised of Primates, Dermoptera, 
Scandentia, Lagomorpha, and Rodentia 
(Stanhope et al., 1993). However, more re¬ 
cent molecular studies (Madsen et al., 2001; 
Murphy et al., 2001a, 2001b) are congruent 
with the conventional rodent monophyly and 
Rodentia-Lagomorpha sister group relation¬ 
ship. 

Rhombomylus is an eurymylid taxon from 
the early Eocene of Asia and was considered 
to be a close relative of rodents (Li et al., 
1987; Li and Ting, 1993; Meng et al., 1994; 
Meng and Wyss, 2001). It is represented by 
a collection of numerous jaws and teeth, ju¬ 
venile and adult skulls, and associated post¬ 
cranial specimens. These specimens provide 
a unique opportunity for us to understand 
anatomy, intraspecies variation, ontogeny, 
phylogeny, and evolution of basal gliroid 
mammals. This monograph is a study of 
these specimens and their implications to the 
phylogeny and evolution of the Glires. 

RESEARCH HISTORY 

Discoveries of Rhombomylus-. Two spe¬ 
cies have been named in Rhombomylus. The 
species published first was R. laianensis 
(Zhai et al., 1976) from early Eocene Zhang - 
shanji Formation at the Laian locality, Laian 
District, Anhui Province, China. The second 
species, R. turpanesis, was described by Zhai 
(1978) based on specimens collected from 
the early Eocene Shisanjianfang Formation, 
east of Turpan Basin, Xinjiang Province, 
China. Zhai considered Rhombomylus a new 
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genus in his 1978 paper and specified R. tur- 
panesis the type species of the genus. In the 
1976 paper Zhai et al. compared R. laianen- 
sis with R. turpanesis and had apparently 
submitted the manuscript about R. turpanesis 
for publication earlier than that about R. lai- 
anensis. The R. turpanesis paper, however, 
was published later than that on R. laianen- 
sis. 

Additional and better specimens of Rhom- 
bomylus were discovered from the early Eo¬ 
cene Yuhuangding Formation, Dajian local¬ 
ity, Hubei Province, China, during a period 
of more than two decades from 1975 to 
1998. Rhombomylus sp. was later reported 
from there (Xu et al., 1979; Li and Yan, 
1979), but no specimen was described. A 
right maxilla with P2—M2 from Fangxian, 
Hubei, was identified as Rhombomylus cf. 
turpanensis by Lei (1984), but again there 
was no description of the specimens. A frag¬ 
mentary lower jaw with p3—m2 (IVPP 
VI1833) and three lower molars from the 
early Eocene Yuhuangding Fm. at Leibei, 
Danjiangkou City, Hubei, was recently re¬ 
ferred to as Rhombomylus cf. turpanensis by 
Guo et al. (2000). Rhombomylus cf. turpa¬ 
nensis and Rhombomylus sp. were reported 
but not described by Ma and Cheng (1991) 
from the Yuhuangding Fm. of the Liguan- 
qiao Basin. Preliminary studies have been 
made on some Dajian specimens (Ting and 
Li, 1984; Li and Ting, 1985, 1993). Postcra- 
nial specimens of Rhombomylus were poorly 
documented. Zhai (1978) mentioned a cal¬ 
caneus of Rhombomylus turpanensis 
(V4366), but this specimen is now lost. Li 
and Ting (1993) briefly described some post- 
cranial remains of Rhombomylus, but assign¬ 
ment of these specimens to the genus is un¬ 
certain (see below). 

Dashzeveg et al. (1987) noted several 
specimens of Rhombomylus sp. from Tsagan- 
Khushu of Mongolia (PSS 20—3, left m2-m3; 
PSS 20-54, right ml; PSS 20-100, right jaw 
fragment with incisor and p4; PSS 20—117, 
right 1; PSS 20-118, right m3; PSS 20-165; 
PSS 20-220, right m2; PSS 20-125, right 
ml.), and recognized the similarity between 
those specimens and R. turpanensis. Those 
Mongolian specimens, however, have not 
been described up to this point. Dashzeveg 
and Russell (1988) reported additional spec¬ 


imens (PSS 20-164, a left maxilla with P4- 
M3; PSS 20-169, p4-m3) from Tsagan-Khu- 
shu and PSS 20—165, which was in Dash¬ 
zeveg et al. (1987), and referred those spec¬ 
imens to R. cf. turpanensis. 

Enamel microstructure of the incisors as¬ 
signed to Rhombomylus or cf. Rhombomylus 
has been documented by Martin (1992, 1993, 
1999). 

Taxonomy of Rhombomylus : The classi¬ 
fication and phylogenetic relationships of 
Rhombomylus with other basal Glires have 
been unstable (fig. 1; table 1). Originally, 
Zhai (1978) placed Rhombomylus in the fam¬ 
ily Eurymylidae under the order Anagalida; 
the latter at the time included Zalambdales- 
tidae, Anagalidae, Pseudictopidae, and Eu¬ 
rymylidae (Szalay and McKenna, 1971). The 
content of Anagalida was expanded in Mc¬ 
Kenna and Bell (1997; table 1). Zhai (1978) 
recognized several similarities between 
Rhombomylus and Eurymylus, such as the 
dental formula and development of the hy- 
pocone shelf, as well as the prominent dif¬ 
ference of the incisors between Eurymylidae 
and other families contained in Anagalida. 
Others (Li and Ting, 1985, 1993; McKenna 
and Bell, 1997) followed Zhai’s assignment 
of Rhombomylus to Eurymylidae of Anagal¬ 
ida. 

The type genus for the family Eurymyli¬ 
dae is Eurymylus Matthew and Granger, 
1925. When Eurymylus laticeps was de¬ 
scribed, it was represented by an upper den¬ 
tition and was placed in ?Plesiadapidae of 
Menotyphla (Matthew and Granger, 1925). 
In the same paper, a lower jaw with ml-m2 
was considered as a different genus and spe¬ 
cies (“ Baenomys ambiguus ,, ) and was 
placed in Glires. Based on additional speci¬ 
mens, Matthew et al. (1929) realized that the 
upper jaw of Eurymylus and the lower jaw 
bearing the name “ Baenomys ambiguus” ac¬ 
tually belonged to the same species, and they 
selected Eurymylus laticeps as the definitive 
name because it was based on a better spec¬ 
imen. Matthew et al. (1929) then proposed 
the family Eurymylidae. Because of the mix¬ 
ture of rodent and lagomorph traits recog¬ 
nized by the authors at that time, the family 
was referred to ?Glires. In a detailed com¬ 
parison of Eurymylus with lagomorphs. 
Wood (1942) considered that the Eurymyli- 
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Fig. 1. Phylogenetic hypotheses of basal Glires and the phylogenetic position of Rhombomylus, 
based on Meng et al. (1994), Averianov (1994), Li et al. (1987), Dashzeveg et al. (1998), and Meng 
and Wyss (2001). 
















































































12 


BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY 


NO. 275 


TABLE 1 

Classification of Basal Gliroid Mammals 


A. Modified from Li et al., 1987: 

Glires 

Duplicidentata 

Mimotonida 

“MgMidae” (for MgM 1/135, “Barunlestes”) 
Mimotonidae 

Mimotona (? = Gomphos) 

Mimolagus 

‘IHypsimylus 

Lagomorpha 

Simplicidentata 

Mixodontia 

Rhombomylidae 

Rhombomylus 

Matutinia 

Eurymylidae 

Eurymylus 

Heomys 

Rodentia 

B. Modified from Dashzeveg and Russell, 1988: 
Glires 

Mixodontia 

Eurymylidae 

Eurymylinae 

Eurymylus 

Heomys 

Rhombomylus ( =Matutinia ) 

Eomylus 

Amar 


C. Modified from Wyss and Meng, 1994: 

Gliriformes 

Glires 

Duplicidentata 

Lagomorphamorpha 

Mimotona 

Lagomorpha 

Simplicidentata 

Eurymylus 

Matutinia 

Rhombomylus 

Rodentiamorpha 

Heomys 

Rodentiaformes 

Tribosphenomys 

Rodentia 


D. Modified from McKenna and Bell, 1997: 

Anagalida 

Zalambdalestidae 

Anagalidae 

Pseudictopidae 

MACROSCELIDEA 

DUPLICIDENTATA 

MIMOTONIDA 

Mimotonidae ( Mimotona, Anatolmylus, Mimolagus) 
LAGOMORPHA 
SIMPLICIDENTATA 
Eurymylidae 
Gomphos 
Zagmys 
Nikolomylus 
Aktashmys 

Eurymylinae ( Asiaparamys,Kazygurtia, Eomylus, 
Eurymylus, Amar, Rhombomylus, Decipomys) 
Khaychininae (Khaychina) 

Rodentia 
Heomys 
Marfilomys 

Alagomyidae ( Alagomys, Tribosphenomys) 

Other rodents 


Khaychininae 

Khaychina 

Zagmyinae 

Zagmys 

Hypsimylinae 

Hypsimylus 

Mimotonidae 

Mimotona 

Gomphos 


dae represent an ancestral stock from which 
the Leporidae and Ochotonidae have been 
derived, although he noticed that the absence 
of P2 and posteriorly extended lower incisor 
in Eurymylus differ from those of lago- 
morphs. Nonetheless, Wood (1942) regarded 
Eurymylus as a Paleocene lagomorph. Daw¬ 
son (1967) and Van Valen (1964) placed a 
more lagomorph-like form, Mimolagus ro- 
dens Bohlin, 1951, in the family Eurymyli¬ 
dae. 

Sych (1971) made an extensive study of 


Eurymylus in comparison with lagomorphs, 
rodents and insectivores and concluded that 
Eurymylus does not belong to any of these 
groups. Sych (1971) instead invented a 
monotypic order Mixodontia for Eurymylus. 
In the same year, Szalay and McKenna 
(1971) proposed the order Anagalida, which 
comprises several Asian forms, including Za¬ 
lambdalestidae, Anagalidae, Pseudictopidae, 
and Eurymylidae. Szalay (1985) further in¬ 
cluded Mimotonidae in the Eurymylidae. Li 
and Ting (1985), following Li and Yan 
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(1979), considered Mixodontia a suborder of 
Rodentia and expanded the Eurymylidae, the 
only family contained in the suborder Mix¬ 
odontia, to include Heomys, Rhombomylus, 
Matutinia , and Eurymylus. Li et al. (1987) 
placed the four genera into two families: 
Rhombomylidae, for Rhombomylus and Ma¬ 
tutinia , and Eurymylidae, for Eurymylus and 
Heomys. McKenna and Bell (1997), howev¬ 
er, regarded Rhombomylidae as a junior syn¬ 
onym of Eurymylidae. The family Rhom- 
bomylidae has never been used in other stud¬ 
ies since its proposal (Li et al., 1987). Dash- 
zeveg and Russell (1988) further expanded 
Mixodontia in a study describing new taxa 
as well as reviewing early gliroid mammals 
from Asia. They lumped ah nonrodent, non- 
lagomorph gliroid mammals into the order 
Mixodontia under the cohort Glires (table 1), 
a concept followed by Averianov (1994). 
With more material of basal gliroid mammals 
being discovered from Asia (Shevyreva et 
al., 1975; Shevyreva and Gabunia, 1986; 
Dashzeveg et al., 1987; Nessov, 1987; Dash- 
zeveg and Russell, 1988; Dashzeveg et al., 
1998; Averianov, 1994; McKenna and Meng, 

2001) , Eurymylidae now includes about a 
dozen genera (McKenna and Bell, 1997; ta¬ 
ble 1)." 

Another gliroid taxon that bears impor¬ 
tantly on the taxonomy of Rhombomylus is 
Matutinia nitidulus from the early Eocene 
Lingcha Formation, Hengyang Basin, Hunan 
Province, China (Li et al., 1979; Ting et al., 

2002) . Dashzeveg and Russell (1988) argued 
that there is no sufficient generic distinction 
between Matutinia and Rhombomylus , and 
thus they referred M. nitidulus as a species 
of Rhombomylus. This assignment was fol¬ 
lowed by McKenna and Bell (1997). Based 
on additional, better preserved material of M. 
nitidulus, however. Ting et al. (2002) came 
to the conclusion that Matutinia is a valid 
genus (see below). 

In classifications of Glires, paraphyletic 
taxa are often allowed (Li et al., 1987; Dash¬ 
zeveg and Russell, 1988; Dashzeveg et al., 
1998; Averianov, 1994). An effort to implant 
a phylogenetic taxonomy (de Queiroz and 
Gauthier, 1990, 1992) for Glires was pro¬ 
posed (Meng and Wyss, 1994, 2001; Wyss 
and Meng, 1996; table 1) in which taxonom¬ 
ic names are attached to a phylogenetically 


defined node to avoid paraphyletic taxa, and 
to reserve popular taxonomic names, such as 
Rodentia, for crown groups by means of phy¬ 
logenetic definitions. The paraphyly of Mix¬ 
odontia, Eurymylidae, and Mimotonidae, re¬ 
spectively, has been cautiously pointed out 
(Meng et al., 1994; Meng and Wyss, 1994; 
Wyss and Meng, 1996; Meng and Wyss, 
2001). 

Phylogeny of Rhombomylus : Taxonomic 
hierarchy of the Glires usually does not re¬ 
flect the phylogeny (fig. 1). Given the simi¬ 
larity shared by Heomys and rodents, Li 
(1977) made a compelling case to relate Heo¬ 
mys with rodents, a view followed by many 
authors thereafter (Gingerich and Gunnell, 
1979; Chaline and Mein, 1979; Hartenberger, 
1980; Dawson et al., 1984; Li et al., 1987). 
Through the tie of Heomys, other eurymy- 
lids, including Rhombomylus, were also re¬ 
lated to rodents (Li et al., 1987; Wilson, 
1989; Li and Ting, 1993). Although it is gen¬ 
erally agreed that Rhombomylus is a stem 
taxon to the clade of rodents, its phylogenetic 
position with that clade is unstable. Figure 1 
summarizes five phylogenetic hypotheses of 
basal gliroid mammals that highlight differ¬ 
ent placements of Rhombomylus among basal 
gliroid mammals. 

Li et al. (1987), Meng et al. (1994), and 
Meng and Wyss (2001) proposed a similar 
phylogeny for Rhombomylus : it is a sister 
taxon, or one of the sister taxa, to the clade 
of Rodentia (fig. 1A, C, E). The relationship 
of Rhombomylus to Heomys was unresolved 
in the study by Averianov (1994; fig. IB), 
although both are part of a polytomy that in¬ 
cludes rodents. In a phylogenetic analysis by 
Dashzeveg et al. (1998), Rhombomylus was 
recognized as the sister group of Rodentia. 
The peculiar aspect of that phylogeny (fig. 
ID) is the insertion of Mimotonida and La- 
gomorpha between Rhombomylus and ro¬ 
dents on the one hand and other “mixo- 
donts” ( Heomys, Zagmys, Khaichina, Eomy- 
lus, Eurymylus, Gomphos, and Decipomys) 
on the other. Heomys becomes the taxon 
most distantly related to rodents among eu- 
rymylids. Although this result indicates the 
similarity between Rhombomylus and ro¬ 
dents, it differs from ah relationships of basal 
Glires proposed previously. The phylogeny 
of Dashzeveg et al. (1998), however, is based 
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800 m 



Fig. 2. A. Location and geological map of the Xichuan (Liquanqiao) Basin (1, Neogene; 2, Hetao- 
yuan Fm.; 3, Dacangfang Fm.; 4, Yuhuangding Fin.; 5, Hugang Fm.; 6, stratigraphical boundary; and 
7, Dajian fossil localities). B. Section measured between Daao and Pangwan (K 2 h, Hugang Fm; E 2 y, 
Yuhuangding Fm.; E 2 d, Dacangfang Fm.). Modified from Xu et al. (1979) and D.E. Russell and Zhai 
(1987). 


only on characters from the lower jaw and 
teeth; therefore, it may be highly biased by 
the restricted data. In a more recent phylo¬ 
genetic analysis (Meng and Wyss, 2001), the 
relationships of Rhombomylus, Heomys , and 
Eurymylus remain unresolved, but they are 
closely related to the clade including rodents 
(fig- IE). 

STRATIGRAPHY OF THE LOCALITY 

All specimens of Rhombomylus described 
in this work were collected from the early 


Eocene Yuhuangding Formation at localities 
Dajian (IVPP site 76006, 110°13'E, 32°47'N, 
about 300 m northeast of the Wangjiayuan 
village) and Qingtanglin (400 m northwest of 
the Wangjiayuan village), Junxian County, 
Danjiang City, Hubei Province, China. The 
geological basin in which the Tertiary sedi¬ 
ments were laid down was called Xichuan 
Basin or Liguanqiao Basin (fig. 2; see also 
Xu et al., 1979; Russell and Zhai, 1987). The 
study of the geology and biostratigraphy of 
this region started more than 70 years ago 
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when two geologists (Li Ji and Zhu Sun) dis¬ 
covered fossil mammals at Fanzhuang in 
1929. Teilhard de Chardin (1930) described 
these fossils. In 1959 regional geologists di¬ 
vided the terrestrial deposits in the basin into 
the Yuhuangding, Dacangfang, and Hetao- 
yuan formations, ranging from bottom up. 
The two formations at the bottom were then 
considered to be Cretaceous and the one on 
the top to be early Tertiary. Fieldwork by Li 
Chuankui and Tong Yongshen in 1960 re¬ 
covered additional mammal fossils from the 
Yuhuangding Formation, which led them to 
think that all three formations were Eocene 
deposits. During the 1970s, several parties 
visited the Xichuan Basin and collected more 
mammal fossils, including numerous speci¬ 
mens of Rhombomylus, from the Yuhuangd¬ 
ing Formation at the Dajian locality. Those 
field investigations further revealed the ge¬ 
ology, stratigraphy, and faunas of the Lig- 
uanqiao Basin (Xu et al., 1979; Ma and 
Chen, 1991; Du et al., 1991). In addition to 
Rhombomylus, mammals from the Yu¬ 
huangding Formation now include Asioco- 
ryphodon conicus Xu, 1976, Asiocoryphodon 
lophodontus Xu, 1976, “ Coryphodon ” fle- 
rowi, cf. Heptodon sp., Gobiatherium sp., 
1 Hunanictis sp., Advenimus hupeiensis Daw¬ 
son et al., 1984, Hohomys lii Hu, 1995, “no- 
toungulates”, and Ctenodactyloidea gen. et 
sp. indet. The fossil assemblage suggests an 
early Eocene age of the Yuhuangding For¬ 
mation A section through the Dajian locality 
was measured by Xu et al. (1979: 422—424, 
original in Chinese) and is briefly cited be¬ 
low: 

Dacangfang Formation 
(Early Middle Eocene) 

15. Grayish, gray-black thick conglomerates 
intercalated with brown-reddish marl; gray- 
white, brown silt-mudstone at the top, 
276.9 m 

14. Grownish silt-mudstone with marl and con¬ 
glomerates, 80.3 m 
13. Light grayish sandstone, 30.5 m 
12. Light brownish sandy mudstone intercalated 
with gray sandstone and nodules, 72.4 m 
11. Brownish silt-mudstone intercalated with 
yellowish, gray sandstone. A 10-m-thick 
basal grayish pebbly sandstone and con¬ 
glomerate mark the boundary between Da¬ 


cangfang Formation and Yuhuangding For¬ 
mation, 184.1 m 

Yuhuangding Formation 
(Late Early Eocene) 

10. Brownish red mud-sandstone and silt-mud- 
stone, containing calcic nodules, 72.3 m 

9. Brownish red silt-mudstone alternated with 
grayish brown sandstone and conglomer¬ 
ates, 121.1 m 

8. Dark yellowish, coarse sandstone interca¬ 
lated with thin layers of silt-mudstone and 
conglomerates, 17.0 m 

7. Brownish, gray silt-mudstone intercalated 
with sandstone; 10-m-thick sandstone at 
the bottom, 88.9 m 

6. Brownish red silt-mudstone intercalated 
with yellow-brown sandstone; fragmentary 
bones of turtles and mammals, 51.8 m 

5. Brownish silt-mudstone intercalated with 
grayish, yellow-brown sandstone on a 6.7- 
m layer of gritstone at the bottom. The mid¬ 
dle silt-mudstone yields Heptodon sp., 
Rhombomylus turpanensis, Advenimus hu- 
beiensis, Asiocoiyphodon conicus, Hohomys 
lii and 'lHunanictis sp., collected from a 
basal dark reddish sandy mudstone, 66.9 m 

4. Brownish siltstone alternated with mud¬ 
stone and sandstone; a 10-m grayish yel¬ 
low, purple gritstone and conglomerates at 
the bottom, 112.3 m 

3. Brownish red mudstone alternated with 
siltstone, 61.1 m 

—Disconformity— 

Hugang Formation (Late Cretaceous) 

2. Brownish red siltstone intercalated with 
mudstone and sandstone, 84.4 m 

1. Brown conglomerates intercalated with 
siltstone, 6.5 m 

—Unconformity— 

Cambrian limestone basement. 

TAXONOMY 

COHORT GLIRES LINNAEUS, 1758 
MIRORDER SIMPLICIDENTATA WEBER, 1904 
GENUS RHOMBOMYLUS ZHAI, 1978 

Type Species: Rhombomylus turpanensis 
Zhai, 1978 (= Rhombomylus laianensis Zhai 
et al., 1976; Rhombomylus cf. turpanensis 
Dashzeveg and Russell, 1988). 

Included Species: Type species only. 
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Fig. 3. Measured dimensions of the upper 
molar, upper premolar, lower molar, and lower 
premolar of Rhombomylus. M-L, upper molar 
length; m-L, lower molar length; P-L, upper pre¬ 
molar length; p-L, lower premolar length; P-W, 
upper premolar width; p-W, lower premolar 
width; Tl-W, upper molar talon width; tl-W, lower 
molar talonid width; Tr-W, upper molar trigon 
width; and tr-W, lower molar trigonid width. 

Distributions and Age: Lower Eocene 
Shisanjianfang Formation at Shisanjianfang, 
Turpan Basin, Xinjiang Province, China 
(Zhai, 1978); lower Eocene Zhangshanji For¬ 
mation, Laian, Anhui Province, China (Zhai 
et al., 1976); lower Eocene Youping For¬ 
mation, Fangxian, Hubei Province of China 
(Lei, 1984; Huang, 1995); lower Eocene Yu- 
huangding Formation, Dajian, Junxian Coun¬ 
ty, Hubei Province, China; and lower Eocene 
Bumban Member of the Naran Bulak For¬ 
mation, Tsagan-Khushu, Mongolia (Dashze- 
veg et al., 1987; Dashzeveg and Russell, 
1988). 

Revised Diagnosis: A medium-sized gli- 
roid mammal (see figs. 3—5, tables 2—5 for 
measurements) with a single pair of incisors 
in upper and lower jaws, respectively; den¬ 
tition with tooth homology and formula be¬ 
ing dI2, CO, P3-4, Ml-3, di2, cO, p3-4, ml- 
3 (see figs. 6—9, 12—15); similar to Matutinia 
but differing from other simplicidentates in 
having a broad hypocone shelf on cheek 
teeth and cheek teeth being relatively antero- 
posteriorly long; further similar to Matutinia 


in having a specialized zygomatic arch 
formed by the maxilla and jugal, expansion 
of the mastoid of the petrosal and exposure 
of the mastoid on the skull roof, extensively 
interdigital sutures between premaxilla and 
frontal, contribution of the ectotympanic to 
the medial wall of the glenoid fossa, and the 
external auditory meatus contacting squa¬ 
mosal and blocking postglenoid fossa pos¬ 
teriorly. Differing from Matutinia in having 
higher tooth crown, stronger protocone and 
paracone, complete vertical groove on the 
lingual surface of cheek teeth, stronger crests 
on cheek teeth, and lacking a carotid fora¬ 
men. 

Comments: Rhombomylus is most similar 
to Matutinia. Based on a rostrum of a skull 
(IVPP V5354) and referred specimens, Li et 
al. (1979: 77) briefly diagnosed Matutinia as 
“an intermediate form between Heomys and 
Rhombomylus, premolar nonmolarized, tri¬ 
gon with four cusps, metaconule rudimenta¬ 
ry, posterior margin of the palate ending at 
the level of M2, paraconid reduced, trigonid 
higher than talonid, enamel of cheek teeth 
thick. Ml the largest of upper cheek teeth 
that decrease in size posteriorly” (original in 
Chinese). Dashzeveg and Russell (1988: 
149) argued that the p4 of M. nitidulus shows 
“approximately intermediate characters” be¬ 
tween Rhombomylus turpanensis and R. lai- 
anensis; that “no diagnostic distinguishing 
features of generic value are evident from the 
lower teeth”; and that “a difference in shape 
of M3 appears to be the major distinction 
separating this species from R. turpanensis', 
difference in crown height seems negligi¬ 
ble.” Thus, Dashzeveg and Russell consid¬ 
ered M. nitidulus a species of Rhombomylus 
and regarded Matutinia as a junior synonym 
of Rhombomylus. Based on additional mate¬ 
rials of M. nitidulus. Ting et al. (2002) con¬ 
cluded that the differences between Matuti¬ 
nia and Rhombomylus are sufficient to dis¬ 
tinguish them as two valid genera. To facil¬ 
itate comparison, we provide dental images 
of Matutinia in figure 10 and size compari¬ 
son in figure 11. As shown by the images, 
the differences between Rhombomylus and 
Matutinia are not just in the shape of the M3, 
but are many, as outlined in the diagnosis. In 
general, features in Rhombomylus are more 
derived compared to those of Matutinia. 
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Fig. 4. Skull measurements of Rhombomylus. dbm, Distance between molar rows (between Mis); 
iid, interinfraorbital distance; iod, interorbital distance; lid, length of the lower diastema; lud, length of 
the upper diastema; mh, mandibular height (at ml); sh, skull height; si, skull length; wbs, width between 
squamosal edges; and wnr, width of the narrowest region of the skull roof. 


The fragmentary material of Eurymylus 
hampers a conclusive comparison with 
Rhombomylus. However, from the specimens 
described (Matthew and Granger, 1925; Mat¬ 
thew et al„ 1929; Sych, 1971: fig. 1, Z. Pal. 
No. MgM-Il/62—3), Eurymylus differs from 
Rhombomylus in having the following fea¬ 
tures: cheek teeth more transversely extend¬ 
ed, a narrower hypocone shelf, double men¬ 
tal foramina, a relatively shorter but wider 
rostrum, a longer incisive foramina, and 


probably different enamel nricrostructure of 
the incisor (Sych, 1971; Martin, 1992, 1999). 

As pointed out by McKenna and Meng 
(2001), the content of Eurymylus remains un¬ 
certain. Thus far only one species, E. lati- 
ceps, has been described (Matthew and 
Granger, 1925; Matthew et al., 1929; Sych, 
1971; Dashzeveg and Russell, 1988), but 
specimens referred to Eurymylus may repre¬ 
sent two taxa: one having a narrow hypocone 
shelf and more transversely widened cheek 
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Fig. 5. Measurements of jaw muscle moment 
arms and resistance arms of the incisor and molar 
in Rhombomylus and other mammals, dl, Dental 
(molar) length; ml, mandibular length; mma, mo¬ 
ment arm of the anteriormost fiber of the anterior 
deep masseter; mmv, moment arm of the ventral- 
most fibers of the superficial masseter; mt, mo¬ 
ment arm of the dorsalmost fibers of the tempo¬ 
ralis rai, resistance arm of the incisor; and ram, 
resistance arm of the molar. Measurements were 
made between the landmarks using an Ultra-Cal 
Mark III caliper. The results are provided in ap¬ 
pendix 4. 


teeth (represented by AMNH 20422 [Mat¬ 
thew and Granger, 1925] and Z. Pal. No. 
MgM-Il/62 [Sych, 1971: fig. 1]) and the oth¬ 
er having longer cheek teeth with broader hy- 
pocone shelves (represented by PSS 20—162 
[Dashzeveg and Russell, 1988: text-fig. 5] 
and Z. Pah No. MgM-11/64 [Sych, 1971, fig. 
3a, b]). The morphology of PSS 20—162 and 
MgM-11/64 appears more similar to that of 
Matutinia and Rhombomylus than are other 
specimens assigned to Eurymylus. 

Rhombomylus turpanensis Zhai, 1978 

R. laianensis Zhai et al., 1976. 

Rhombomylus cf. turpanensis (Dashzeveg and 
Russell, 1988). 


Lectotype: V4362 (Dashzeveg and Rus¬ 
sell, 1988), a left maxilla with P4-M3. 

Distributions and Ages: As for the ge¬ 
nus. 

Diagnosis: Same as that of the genus. 

Referred Specimens: See Materials and 
Methods. 

Comments: Rhombomylus turpanensis is 
based on the specimens from the lower Eo¬ 
cene Shisanjianfang Fm., Turpan Basin of 
Xinjiang. Because Zhai did not designate a 
type specimen for R. turpanensis, Dashzeveg 
and Russell (1988) chose an upper dentition 
(IVPP V4362) as the lectotype for the spe¬ 
cies. Mammals associated with R. turpanen¬ 
sis include Coryphodon sp., Hyopsodus sp., 
Heptodon tienshanensis, and Anatolo sty lops 
dubius (Zhai, 1978). 

“Rhombomylus laianensis ” was based on 
a right maxilla with P3-M3 (IVPP V5174), a 
right lower jaw with p4-m3 (IVPP V5175), 
and a left lower jaw with m2-m3 (IVPP 
V5176) from the lower Eocene Zhangshanji 
Fm. at a site south to the Wangjiagang vil¬ 
lage, Laian, Anhui Province (Zhai et al., 
1976). No other mammal was known from 
this locality. 

The specimens of Rhombomylus from Da- 
jian display a range of size and shape vari¬ 
ations owing to individual and ontogenetic 
variations. We cannot distinguish a system¬ 
atic pattern among these variations, and 
therefore we regard all the specimens as be¬ 
longing to one species. Because the variation 
displayed by the Dajian specimens convey 
morphologies that resulted in recognition of 
R. turpanensis and “//. laianensis” , we lump 
all specimens of Rhombomylus reported pre¬ 
viously (Zhai, 1978; Zhai et al., 1976; Dash¬ 
zeveg and Russell, 1988) and those from Da¬ 
jian into a single species, R. turpanensis. 

The publication date of Rhombomylus pre¬ 
sents a priority problem, as already realized 
by others (Dashzeveg and Russell, 1988; Mc¬ 
Kenna and Bell, 1997). Although “ R. lai¬ 
anensis” was published first (Zhai et al., 
1976), R. turpanensis was clearly designated 
as the type species of the genus (Zhai, 1978). 
It appears that the 1978 paper was expected 
to be published first, but was long in press. 
Therefore, we consider the species name R. 
turpanensis has priority over “ R. laianen¬ 
sis”. 
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TABLE 4 

Skull Measurements of Rhombomylus (in mm) 

dbm, distance between molar rows; iid, inter-infraorbital distance; iod, interorbital distance; lud, length 
of the upper diastema; mh, mandibular height; sh, skull height; si, skull length; wbs, width between 
squamosal edges; wnr, width of narrowest region of the skull roof. Asterisk (*) indicates estimate. 


IVPP no. 

si 

wbs 

sh 

lud 

wnr 

wnv 

iid 

iod 

dbm 

V5274 

7 

? 

21.3 

15.2 

7.7 

? 

11.2 

12.9 

7 

V5275 

54.9 

>18.8 

18.7 

11.3 

7 

? 

9.8 

16.8 


V5276 

54* 

26.6 

20.6 

10.1* 

8.9 

8.4 

11.5 

16.5 

5.0 

V5277 

71.6 

30.3 

23.9 

16.2 

8.8 

? 

13.5 

21.7 

7 

V5278 

84 

30 

26 

18.1 

7.6 

8 

14 

28 

7.0 

V5279 

42 

20.4 

14 

7.4 

? 

? 

9.8 

12.7* 

4.5 

V5281 

48.5* 

24.6 

17.9 

8.9 

8.66 

? 

9.7 

15 

5.8 

V5283 

41 

18.3 

13.6 

7.7 

8.1 

7.9 

8.3 

12.2 

7 

V7585 

34.3 

16.6 

13 

6.2 

8.7 

? 

7.9 

11.4 

3.8 

V5284 

46 

16.1* 

16.3* 

7.9 

7.5 

? 

7.2* 

11.5* 

7 

V5286 

55* 

26 

20.8 

9.8 

8.4 

8.7 

11.4 

7 

5.8 

V5289 

55 

23 

17 

9.1 

7.8 

7.5 

9.6 

16.4 

5.4 

V5290 

56.3 

27.4 

20.7 

11.2 

8 

10 

11.8 

17.4 

5.7 

V5291 

50.5 

22 

18 

9.1 

8 

7.6 

9.3 

14.4 

4.3 

V5292 

53.4 

24.3 

17.7 

9.2 

7.3 

8 

10.3 

15.8 

5.7 

V5293 

62.3 

24.8* 

20.4 

12.7 

7.8 

8 

10.7 

18.1 

5.5 

V5294 

58.7* 

26.3 

21 

12.3 

7.2 

8.3 

11 

17.8 

6.1 

V5295 

62.2 

30 

21 

12.5 

9.3 

7 

12.2 

20.3 

7 

V5296 

67.8 

28.2* 

22.2 

13.6 

7.3 

0 

12.8 

21 

5.7 


OSTEOLOGICAL MORPHOLOGY 
Materials and Methods 

Material: Specimens from the lower Eo¬ 
cene Shisanjianfang Fm., Turpan Basin, Xin¬ 
jiang Province (Zhai, 1978): IVPP V4361, a 
crushed skull, with right cheek teeth; IVPP 
V4363, a left lower jaw; IVPP V4364, a left 
lower jaw of a juvenile; IVPP V4365, an iso¬ 
lated m3; and IVPP V4366, a calcaneus 
(lost). 

Specimens from the lower Eocene Zhang- 
shanji Fm. at Laian, Anhui Province (Zhai et 
al„ 1976): IVPP V5174 (type of “R. lai- 
anensis ”), a right maxilla with P3-M3; IVPP 
V5175, a right lower jaw with p4-m3; and 
IVPP V5176, a left lower jaw with m2-m3. 

Specimens from the lower Eocene Yu- 
huangding Fm. at Dajian: IVPP V5257-9, 
lower incisors; IVPP V5260, posterior half 
of skull; IVPP V5261, posterior half of skull; 
IVPP V5262, partial skull with internal side 
of the braincase and ear region exposed; 
IVPP V5263, left posterior quarter of a skull 
with the interior exposed; IVPP 5264, pos¬ 


terior portion of skull; IVPP V5265, middle 
part of a skull with partial left mandible and 
semicircular canals exposed; IVPP V5266, 
partial skull (sectioned into 33 slices to re¬ 
veal internal cranial and auditory morpholo¬ 
gies); IVPP V5267, partial skull (sectioned 
into 27 slices); IVPP V5273, skull; IVPP 
V5274, partial skull with associated left man¬ 
dible; IVPP V5275, skull with associated 
mandibles and basicranium laterally com¬ 
pressed; IVPP V5276, partial skull with left 
P3-M3; IVPP V5277, skull with associated 
mandibles; IVPP V5278, skull with associ¬ 
ated mandibles (largest individual); IVPP 
V5279, juvenile skull with dP3-4 and M3; 
IVPP V5280, skull of a young individual 
with associated mandible, dP3-M2, and 
erupting M3 (tip of left lower incisor cut for 
SEM study of enamel structures); IVPP 
V5281, partial skull with left dP3-M3 (M3 
erupting); IVPP V5282, skull; IVPP V5283, 
juvenile skull with associated mandibles, 
dP3-4, erupting M3 and m3; IVPP V5284, 
juvenile skull with associated mandibles; 
IVPP V5286, skull with right M2-3, left P4, 
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TABLE 5 

Mandible Measurements of 
Rhombomylus (in mm) 

lid, length of lower diastema; mh, mandibular 
height; mt, mandibular thickness. Asterisk (*) 
indicates estimate. 


IVVPno. 

Lid 

mh 

mt 

V5278 

9.3 

15.3 

6.8 

V5280 

3.9 

6.3 

3.9 

V5283 

3.7 

6.9 

4.4 

V7585 

2.7 

5.5 

4.0 

V5284 

4.4 

7 

3.8 

V7568.1 

5.4* 

10.9 

4.9 

V7568.2 

? 

9 

4.8 

V7569.1 

5.4 

8.5 

4 

V7569.2 

5.9 

10 

5 

V7570.1 

5.3 

8.5 

5.2 

V7570.2 

5.3 

8.8 

4.4 

V7572 

6.3 

10.2 

5.2 

V7573 

6.4 

10.3 

4.5 

V7575 

? 

8.6 

3.8 

V7578 

6 

10 

5 

V7579 

9 

11 

6.2 

V7580 

? 

9.2 

5.6 

V7581 

? 

10.5 

5.9 

V7582 

? 

6.5 

3.5 

V7583 

? 

7.9 

3.7 

V7587.1 

? 

10.8 

4.5 

V7587.2 

6.5 

10.5 

4.6 


and M2—3 (peeled for brain endocast); IVPP 
V5287, partial skull; IVPP V5288, skull with 
associated mandibles; IVPP 5289, skull; 
IVPP V5290, skull with dP3-4, erupting P3— 
4 and molars; IVPP 5291, skull; IVPP 
V5292, skull with dP3-4 and molars; IVPP 
V5293, partial skull with P3-M3 all erupted; 
IVPP V5294, partial skull with P3-M3; IVPP 
V5295, skull with associated mandibles; 
IVPP V5296, partial skull with P3-M3; IVPP 
5297, skull; IVPP V 7428, partial skull with 
associated postcranial elements (see below); 
IVPP V7486 and V7487, partial skulls 
(peeled for endocast); IVPP V7488, rostrum 
(ground to reveal cross-sectional structures 
of the nasal cavity); IVPP V7489, mandible 
with lower incisor (sectioned for SEM study 
of enamel structure); IVPP V7490, maxilla 
with P4-M3 (sectioned for SEM study of 
enamel structure); IVPP V7491, mandible 
with p4-m3 (sectioned for SEM study of 
enamel structure); IVPP V7492, partial skull 
(skull ground to show frontal and longitudi¬ 


nal sectional structures of the nasal cavity; 
left incisor cut for SEM study of enamel 
structure; and right cheek teeth used for SEM 
study of tooth wear); IVPP V7493, partial 
mandible with p4-m2 (used for SEM study 
of microwear); IVPP V7494, petrosal (peeled 
to show semicircular canals); IVPP V7495, 
partial mandible with ml—2 (sectioned to 
show pulp cavities of teeth); IVPP V7496, 
partial maxilla showing tooth roots; IVPP 
V7521 and V7522, skulls with associated 
mandibles; IVPP V7523-5, skulls; IVPP 
V7526, partial skull with all cheek teeth; 
IVPP V7527, partial skull with left P3-M3 
and right P3-M2; IVPP V7528, partial skull 
with all cheek teeth; IVPP V7529, partial 
skull with all cheek teeth except last molars; 
IVPP V7530, partial skull with all cheek 
teeth; IVPP V7531, partial skull with all 
cheek teeth; IVPP V7532, partial skull with 
all cheek teeth except last molars; IVPP 
V7533, partial skull with teeth preserved ex¬ 
cept both P3s; IVPP V7534, partial skull 
with left cheek teeth; IVPP V7535, anterior 
part of skull with all cheek teeth; IVPP 
V7536, posterior half of skull with right M3; 
IVPP V7537, posterior half of skull with ear 
region exposed; IVPP V7538, posterior half 
of skull; IVPP V7539, posterior half of skull 
with right M3; IVPP V7540, posterior left 
quarter of skull; IVPP V7541, posterior right 
quarter of a skull; IVPP V7542, middle por¬ 
tion of skull; IVPP V7543, posterior skull 
with ear region exposed; IVPP V7544, pos¬ 
terior half of skull; IVPP V7545, partial skull 
with all cheek teeth; IVPP V7546, partial 
skull with both Dp3-M2; IVPP V7547, max¬ 
illa with all cheek teeth; IVPP V7548, partial 
skull with Dp3-ml; IVPP V7549, anterior 
half of skull with all cheek teeth; IVPP 
V7550; anterior half of skull with left den¬ 
tition; IVPP V7551, right maxilla with dP3- 
M3; IVPP V7552, left maxilla with dP4-M3; 
IVPP V7553, partial skull with dP3-4; IVPP 
V7554, left maxilla with P3-M3; IVPP 
V7555, anterior half of skull with cheek 
teeth; IVPP V7556, anterior left quarter of 
skull with dentition; IVPP V7557-62, ante¬ 
rior halves of skulls with cheek teeth; IVPP 
V7563, partial skull; IVPP V7564, partial 
skull with associated mandibles; IVPP 
V7565—7, anterior parts of skulls with asso¬ 
ciated mandibles; IVPP V7568.1, right man- 
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Fig. 6. Upper and lower incisors of Rhombomylus (IVPP V5288). A—C, Anterior, posterior, and lateral 
views of the right upper incisor (V5288); D, medial view of a fragmentary mandible showing the end of 
the lower incisor in the dentary; E-G, dorsal, lateral, and medial views of the left incisor (V5288). Scale 
bar for all except D. 


dible with p3-m3; IVPP V7568.2, left man¬ 
dible with p4-m3; IVPP V7569.1, right man¬ 
dible with incisor and cheek teeth; IVPP 
V7569.2, left mandible with most of incisor 
and p3-m3; IVPP V7570.1, right mandible 
with most of incisor, broken dp3 and dp4- 
m3; IVPP V7570.2, left mandible with most 
incisor and dp3-m3; IVPP V7571, left man¬ 
dible with full dentition; IVPP V7572, left 


mandible with partial incisor and p3-m3; 
IVPP V7573, right mandible with full den¬ 
tition; IVPP V7574, right mandible with full 
dentition; IVPP V7575, right mandible with 
partial incisor, broken p3 and complete p4- 
m3; IVPP V7576, left mandible with cheek 
teeth; IVPP V7577, left mandible with cheek 
teeth; IVPP V7578, left mandible with p3- 
m3; IVPP V7579, left mandible with p4-m3; 
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Fig. 7. Deciduous premolars of Rhombomylus (IVPP V7885). A—C, Occlusal, labial, and lingual 
views of the right dP3 and dP4; D-F, occlusal, lingual, and labial views of the right dp3 and dp4. 


IVPP V7580, left mandible with broken p3 
and complete p4-m3; IVPP V7581, left man¬ 
dible with cheek teeth; IVPP V7582, left 
mandible with half dp4 and complete ml- 
m3; IVPP V7583, right mandible with p4- 
m3; and IVPP V7584, right maxilla with 
dP3-M2; IVPP V7585, juvenile skull with 
associated mandible (youngest and smallest 
individual); IVPP V7586, posterior part of 
skull; IVPP V7587, mandible; IVPP V7588- 
90, right dentaries; IVPP V7591, left man¬ 
dible; IVPP V7592, right mandible; and 
IVPP V7593, left mandible. 

Postcranial Specimens: IVPP V7428, ar¬ 
ticulated skeleton with both scapulae, both 
humeri with part of the shaft damaged, most 
parts of both ulnae and radii, part of the pel¬ 
vis, a right femur, distal part of left femur, 
left patella, both tibiae (partially preserved), 
the distal portion of the left fibula, both cal¬ 
canei, both astragali, left cuboid, left navic¬ 


ular, left ectocuneiform, left mesocuneiform, 
left metatarsals I-IV, some phalanges of the 
left foot, and some broken ribs; IVPP V5268, 
last cervical vertebra, first three thoracic ver¬ 
tebrae, first pair of ribs, and heads of second 
and third ribs; IVPP V5269.1-3, a segment 
of a vertebral column with six lumbar ver¬ 
tebrae, fused sacrum, the first two caudal ver¬ 
tebrae, and part of the pelvic girdle; IVPP 
V5270, the sacrum, first caudal vertebra, part 
of the pelvic girdle, and part of left femur; 
IVPP V5271, last two lumbar vertebrae, sa¬ 
crum, and both ilia; IVPP V5272.1-3, four 
lumbar vertebrae; IVPP V5787, a middle 
segment of a possible clavicle; IVPP V7419, 
distal part of a right tibia; IVPP V7423, prox¬ 
imal parts of both the tibia and fibula; IVPP 
V7457 and V7458, middle parts of a left in¬ 
nominate; IVPP V7459, middle part of right 
innominate; IVPP V7460, dorsal portion of 
right ischium and part of a pubis; IVPP 
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V7461, proximal portion of a humerus; 1VPP 
V7462 and V7463, right humeri with both 
ends damaged; IVPP V7464, distal portion 
of a right humerus; IVPP V7465, left ulna 
and radius with the distal portion missing; 
IVPP V7480 and V7483, proximal parts of 
left femurs; IVPP V7481, distal portion of a 
left femur; IVPP V7482, distal part of a right 
femur; IVPP V7484, distal epiphysis of a fe¬ 
mur with trochlea well preserved; IVPP 
V7485, proximal portion of a right femur 
with the third trochanter well preserved; 
IVPP V7498, proximal portions of right tibia 
and fibula in articulation; IVPP V7499, par¬ 
tial right pes; IVPP V7517, proximal half of 
a tibia; IVPP V7518, a partial left manus; 
IVPP V7519, distal half of a right ulna; and 
IVPP V7520, parts of right ischium and pu¬ 
bis. The assignment of the isolated speci¬ 
mens is mainly based on their similarities 
with corresponding elements in IVPP V7428. 

IVPP V7418 (distal part of a left humer¬ 
us), IVPP V7420 (left calcaneus), and IVPP 
V7421 (left astragalus) were assigned to 
Rhombomylus by Li and Ting (1993). Be¬ 
cause of their distinct differences from cor¬ 
responding elements of IVPP V7428, we ex¬ 
clude these specimens from Rhombomylus. 

Measurements: We made measurements 
of teeth, skulls, and mandibles using an Ul- 
tra-Cal Mark III calliper and a Microcode II 
digital measuring scope. The dimensions 
measured are illustrated in figures 3—5. The 
measurements are provided in tables 2—5. 
Additional measurements of some mandibu¬ 
lar dimensions are presented in appendices 4 
and 5. These data are used in the analysis of 
functional morphology. 

Dentition: Terminology for morphology 
and landmark structures of deciduous and 
permanent teeth is illustrated in figures 7—9 
and 13. We follow Meng and Wyss (2001) 
for additional dental terms. Dentitions with 
different stages of eruption and wear are ar¬ 
ranged in an ontogenetic sequence as illus¬ 
trated in figures 12 and 14. All the photo¬ 
graphs of cheek teeth are taken from casts 
that were photographically gray-toned using 
an RT SPOT digital camera mounted on a 
Nikon SMZ-U microscope. 

Enamel Microstructure: The upper left 
incisor of IVPP V7492, lower incisor of 
IVPP V7489, lower incisor of a juvenile in¬ 


dividual (IVPP V5280), lower cheek teeth of 
IVPP 7491, and upper cheek teeth of IVPP 
V7490 were sectioned for SEM study of 
enamel microstructures (figs. 16—20). All in¬ 
cisors were taken from mandibles and skulls 
with cheek teeth; thus, their identifications as 
Rhombomylus are secure. 

In preparation of specimens for SEM 
study, a desired segment of incisor was cut 
using a saw or simply broken if the specimen 
was long enough. For cross-sectional view of 
the enamel, the posterior end of an incisor 
segment was slightly ground flat in a plane 
perpendicular to the long axis of the tooth. 
The flat end was then glued on a metal SEM 
stub using Krazy Glue. The rest of the spec¬ 
imen was coated with the glue for protection. 
The mounted specimen was then ground and 
polished by holding the stub parallel to the 
surface of the grinder. Therefore, all cross- 
sectional views of the incisors were taken 
from the anterior ends of segments and are 
at a right angle to the longitudinal axis of the 
incisor. For longitudinal views, a segment of 
incisor was first ground on its lateral side to 
create a flat surface at a right angle to the 
enamel layer. The specimen was then glued 
on the stub by the ground, flat surface and 
was prepared in the same way for the cross 
section of the tooth. Each of the upper and 
lower incisors was cut at three regions: near 
the tip, at the middle, and close to the end 
of the tooth. In each case, the cross-sectional 
view of the enamel layer was examined first. 
After SEM cross-sectional views were taken, 
the specimen was removed from the stub us¬ 
ing a sharp, straight-edged knife and was 
then prepared for longitudinal-sectional im¬ 
aging. Therefore, a pair of cross-sectional 
and longitudinal views of incisor enamel mi¬ 
crostructure was ensured for the same seg¬ 
ment of each incisor (figs. 16—18). 

For cheek tooth enamel structures, a max¬ 
illa and a mandible that bear teeth were cut 
into a desired size that fits to a large SEM 
metal stub. The flat surface that contacts the 
stub was prepared to be parallel to the occlu¬ 
sal surface of the tooth row, such that the 
cheek teeth in the same row can be ground 
simultaneously at the same level. The cheek 
teeth were cut at several levels through the 
tooth crowns from tips to bases. Images of 
enamel distributions at three levels were pro- 
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Fig. 8. Premolars of Rhombomylus. A—C, Occlusal, lingual, and labial views of the left upper P3 
and P4 (IVPP V7534); D-F, occlusal, lingual, and labial views of the right lower p3 and p4 (IVPP 
V7587.1). 


vided (fig. 19). SEM photographs of the 
enamel microstructures of the cheek were 
also taken at positions indicated in figure 19. 
Only those from the upper cheek teeth were 
illustrated (fig. 20). We follow Martin (1994, 


1999) for terminology of enamel microstruc¬ 
ture. 

Micro wear: Wear facets from both upper 
and lower cheek teeth were examined (figs. 
21, 22). The first and second right upper mo- 
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Fig. 9. Occlusal, lingual, and labial views of upper cheek teeth of Rhombomylus (IVPP V7528). 


lars are taken from a broken skull (IVPP 
V7492) that has been cut to view the longi¬ 
tudinal and frontal sections of the nasal cav¬ 
ity. This individual has fully erupted P3—4 
that were not yet worn. Wear on Ml and M2 
is moderate so that only the enamel on the 


crown surface of each tooth was gone, but 
tooth cusps and ridges were not reshaped 
(fig. 21). The left lower teeth are from a frag¬ 
mentary mandible that bears the p4, ml, and 
the trigonid of the m2 (IVPP V7493). The 
p4 of the individual is fully erupted but 
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Fig. 10. Cheek teeth of Matutinia (IVPP V7442, V7443). A-B, Occlusal and lingual views of P3- 
M3; C-D, occlusal and lingual views of p3—m3. Images photographically reversed to facilitate com¬ 
parison with those of Rhombomylus. Modified from Ting et al. (2002). 


shows no sign of wear; therefore, this spec¬ 
imen represents an individual of similar age 
to that of IVPP V7492. 

The specimens were sputter-coated with 
gold as in the case for examining enamel mi¬ 
crostructure, and observed using a scanning 
electron microscope. We provide only SEM 
images of the molars and their microwear 
(figs. 21, 22). The SEM photographs are ori¬ 
ented consistently to help understand direc¬ 
tions of wear structures in relation to the en¬ 
tire tooth and the direction of jaw movement. 
We follow Butler (1985) and Rensberger 


(1978) for terminology of wear facets and 
other features of wear. 

Skull: Reconstruction of the skull (figs. 
23—25) is based on several specimens, pri¬ 
marily on IVPP V5278. Skull elements were 
described individually and were labeled ei¬ 
ther directly on the photographs or on ac¬ 
companying line drawings (figs. 23—40). An¬ 
atomic terms were spelled out where space 
permits. Unless specified otherwise, we fol¬ 
low Novacek (1986b) for terminology of the 
skull elements. 

Cross Sections: A total of four fragmen- 
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length in mm 


Fig. 11. Comparison of Ml (squares)/ml (triangles) sizes of Matutinia and Rhombomylus. Solid 
symbols represent Ml/ml of Rhombomylus ; empty ones are those of Matutinia. Measurements of Ma¬ 
tutinia are from Ting et al. (2002). 


tary skulls have been sectioned (figs. 41—49). 
The cross sections of the rostrum, primarily 
to show the nasal cavity, are cut from ante¬ 
rior to posterior from IVPP V7488 (figs. 41, 

42) . Longitudinal and frontal sections of the 
nasal cavity are from IVPP V7492 (figs. 43, 
44). The left facial region and all left cheek 
teeth of V7492 were broken, with the excep¬ 
tion of the incisor. The right P3-M2 are pre¬ 
served. The left incisor was sectioned for in¬ 
vestigation of its enamel microstructure, and 
the right cheek teeth were used for SEM 
study of microwear (see above). Longitudi¬ 
nal sections of the nasal cavity were obtained 
by grinding the left side of the specimen at 
an interval of 0.5 mm to the level just pass¬ 
ing the medial sagittal plane of the skull (fig. 

43) . During grinding, the specimen was held 
with its sagittal plane parallel to the grinding 
wheel. The remaining right half of the spec¬ 


imen was then ground from skull roof to the 
hard palate at the same interval to reveal the 
frontal (horizontal) sections of the nasal cav¬ 
ity (fig. 44). At each interval during the 
grinding, the section of the ground specimen 
was directly scanned into the Photoshop pro¬ 
gram for Macintosh using a Microtek 
ScanMaker III scanner at its highest resolu¬ 
tion. A total of 20 frontal and 15 longitudinal 
sections were obtained, and most of them 
were illustrated (figs. 43, 44). The original 
specimens are light-colored in bone and 
dark-colored in matrix. The images were in¬ 
verted using the Photoshop program to pro¬ 
vide the best results. 

Only transverse cross sections of the 
braincase and basicranium were made from 
two posterior portions of skulls. IVPP V5266 
was prepared before sectioning, whereas 
IVPP V5267 was sectioned without remov- 
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ing the original surrounding matrix. Both 
specimens were embedded in artificial resin 
and then cut into thin slides. A total of 33 
slides were obtained from IVPP V5266 and 
27 from IVPP V5267; each slide is 0.55 mm 
thick (except the remaining ends) at an in¬ 
terval of 0.3 mm that is caused by the cutting 
saw. The two sides of each slide for all were 
scanned using the Microtek ScanMaker III 
scanner at the highest input resolution. For 
IVPP V5266, 24 images of cross sections 
were illustrated (fig. 46). The original slides 
were numbered in a posteroanterior se¬ 
quence. For convenience, however, our illus¬ 
trations and description follow an anteropos¬ 
terior order in keeping with sections of the 
nasal cavity. Because the skull has been 
slightly twisted during preservation, the cra¬ 
nial images in the slices are not symmetrical. 
Therefore, in the numbered order, the left 
side structures appear first. The left side of 
IVPP V5267 was seriously damaged during 
sectioning, but its right side is in better con¬ 
dition, especially in the ear region, than in 
IVPP V5266. We illustrated part of the ear 
and glenoid region of this specimen (figs. 47, 
48). The 16 images of the ear region are from 
eight slides in a sequence (fig. 47). The im¬ 
age of the anterior side of each slide has been 
photographically reversed. 

Endocast: Endocasts were made by peel¬ 
ing off bones from three partial skulls (IVPP 
V5286, V7486, V7487) (figs. 50, 51). Ter¬ 
minology of the endocranial morphology fol¬ 
lows Black (1920). 

Postcranial Skeleton: Comparisons of 
postcranial skeletons were based on pub¬ 
lished work (Wood, 1937, 1962; Kielan-Ja- 
worowska, 1977, 1978; Szalay, 1977, 1984, 
1985) and on our own observations of spec¬ 
imens (appendix 1). Selected measurements 
of bones are scattered in the text. The ter¬ 
minology of the skeletal elements primarily 
follows Cooper and Schiller (1975). Addi¬ 
tional terms are from Wood (1937, 1962), 
Szalay (1977, 1985), Gebo and Rose (1993), 


O’Leary and Rose (1995), and Muizon 
(1998). Abbreviations for foot structure 
mainly follow Szalay (1977, 1985). Attach¬ 
ments of muscles are based on comparisons 
with extant (Rinker, 1954; Klingener, 1964; 
Ryan, 1989) and fossil mammals (Kielan-Ja- 
worowska and Gambaryan, 1994; Muizon, 
1998). Positional terms refer to bone orien¬ 
tations in the articulated skeleton of normal 
quadrupedal mammals. Anatomical terms 
were directly labeled on the photographs of 
skeletal elements or explained in the figure 
captions (fig. 54—71). 

Dentition 

Incisors: There is only one pair of upper 
incisors (fig. 6). The incisor is contained 
within the premaxilla, with its posterior end 
intruding into the maxilla posterior to the 
premaxilla-maxilla suture. As in other gliroid 
mammals, the enamel covers the anterior (la¬ 
bial) surface of the incisor and wraps around 
on both medial and lateral surfaces of the 
tooth. The enamel coverage is a narrow 
stripe on the medial surface and extends 
nearly half the tooth depth on the lateral. In 
cross section, the anterior surface of the in¬ 
cisor is rounded and curves around to the 
lateral surface. Therefore, the cutting edge at 
the incisor tip is not straight; it is somewhat 
curved, deeper medially than laterally (fig. 
6). In contrast, the medial and anterior sur¬ 
faces of the tooth confine a nearly right angle 
in cross-sectional view. In posterior view the 
wear facet of the incisor tip is straight me¬ 
dially and rounded laterally (fig. 1A, B). The 
body curvature of the entire upper incisor is 
at a lower degree than are those in most ro¬ 
dents. The tip of the incisor points ventrally 
(fig. 3C), not posteroventrally as in many ro¬ 
dents. The crown length (height) of the in¬ 
cisor is shorter than those in most rodents. 

The lower incisor within the mandible ex¬ 
tends underneath the cheek teeth and ends at 
the level slightly posterior to m3 (fig. 6D). 


Fig. 12. Upper cheek teeth of Rhombomylus (IVPP V5278, V5280, V7526, V7529, V7534, V7547, 
V7585, V7551). Occlusal, lingual, and labial views of cheek teeth showing variations owing to ages 
and wear among individuals. See text for discussion. Some images were photographically flipped to 
facilitate comparison. 
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The exposed crown is relatively shorter than 
those of rodents. Its tip is usually at the same 
level as the occlusal surface of the cheek 
teeth (figs. 6F, G, 52, 53). The only exception 
is IVPP V5278, the oldest individual in the 
collection, in which the incisor tip is slightly 
higher than the cheek tooth row (fig. 53D). 
The lower incisor is longer and less curved 
than its counterpart, but its enamel coverage 
and shape of cross sections are similar to 
those of the upper incisor. The wear facet on 
the tooth tip has a semicircular labial edge 
and a straight medial edge (fig. 6E). Presence 
of the wear facet on the lower incisor indi¬ 
cates that Rhombomylus was capable of mov¬ 
ing the mandible anteriorly and honing the 
lower incisor against the edge of the upper 
one. This is characteristic of incisive gnaw¬ 
ing of all gliroid mammals. The minimum 
distance the mandible could move antero- 
posteriorly is indicated by the distance be¬ 
tween the tip of the upper incisor and the 
posterior edge of the wear facet on the lower 
incisor when the mandible is in its rest po¬ 
sition (figs. 25, 79). 

The specimens from Dajian represent a se¬ 
quence of postnatal ontogeny of Rhombo¬ 
mylus (figs. 26—28). The skull of IVPP 
V7585 (figs. 26A, 27A, 28A) represents the 
youngest individual, in which M2/m2 were 
not yet fully erupted (figs. 12A, 14A). The 
oldest one is IVPP V5278 (figs. 26F, 27F, 
28F), in which all cheek teeth are heavily 
worn (figs. 12H, 14H). Many specimens of 
intermediate ages between IVPP V7585 and 
V5275 show various states of replacement of 
premolars and eruption of molars, but none 
of them shows any sign of incisor replace¬ 
ment. This suggests that the enlarged incisors 
of Rhombomylus are deciduous teeth. There 
is no evidence, however, for the loci of the 
enlarged incisors. We assume the incisors of 
Rhombomylus to be the second pairs in ho¬ 
mology as those in living rodents and lago- 
morphs (Moss-Salentijn, 1978; Ooe, 1980; 
Luckett, 1985; Simoens et al., 1995). 

Cheek Teeth: The upper tooth rows are 
parallel to each other (figs. 24, 27). Cheek 
teeth increase in size posteriorly (figs. 9, 12). 
In labial or lingual view, the upper cheek 
teeth incline posteriorly such that the anterior 
edge of each tooth stands out as the highest 
crest (fig. 9B). The lingual side of the upper 


cheek tooth is significantly higher than the 
labial one. For any fully erupted tooth the 
enamel does not enter the alveolus. The tooth 
morphology and size vary owing to different 
ages and degrees of wear. When a tooth 
crown was considerably worn, its lingual 
roots tend to grow out of the alveolus and 
the tooth crown becomes transversely wider. 
As in other gliroid mammals, the canine and 
the PI are absent, and further differing from 
lagomorphs the P2 is also lost in Rhombo¬ 
mylus. 

The dP3 and dP4 are preserved in IVPP 
V5279, V5280, V7551, V7567, V5281, 
V7584, and V7585. The dP3 is triangular 
with three spaciously separated roots. Each 
root supports an apex of the triangular tooth 
crown. On unworn specimens the dP3 con¬ 
sists of a small trigon and an expanded hy- 
pocone shelf (fig. 7A—C). The trigon bears 
three closely packed cusps, namely the pro¬ 
tocone, paracone, and metacone. The proto¬ 
cone is the largest of the three and is posi¬ 
tioned lingually. The paracone is the smallest 
and is at the anterior tip of the tooth. The 
metacone is posterolabial to the paracone and 
is separated from the other cusps by a shal¬ 
low groove. A metastyle-like cuspule is lat¬ 
eral to the metacone. The hypocone is larger, 
lower, and more lingually positioned than the 
protocone. A broad hypocone shelf forms the 
posterior half of dP3 and is the widest region 
of the tooth. On slightly worn specimens 
(e.g., IVPP V5280, fig. 12B), the posterior 
surfaces of the protocone and metacone bear 
wear facets that slope into the broadly ba- 
sined hypocone shelf. In older individuals 
(e.g., IVPP V5281, not illustrated) in which 
the dP3 is heavily worn, the crown becomes 
a flat surface inclined posteriorly and cusps 
are no longer distinguishable. Unlike dP4, 
the crown of dP3 is not significantly higher 
lingually (fig. 7C). The dP3 was replaced by 
the erupting P3 at the time when M3 is erupt¬ 
ing (e.g., IVPP V7551, V7547; fig. 12C, D). 

The dP4 is narrow lingually and broad la- 
bially (fig. 7A). It has one lingual and two 
labial roots. It is more molariform than is the 
dP3 in that the trigon is fully developed with 
a well-developed protocone, paracone, meta¬ 
cone, and hypocone. The paracone and meta¬ 
cone are separated by a transverse groove. 
Labial to the groove the edge of the tooth is 
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Fig. 13. Occlusal, labial, and lingual views of lower cheek teeth of Rhombomylus (IVPP V7591). 


lingually indented, forming a shallow ecto- 
flexus. The hypocone shelf is broader labially 
than lingually. The hypocone is nearly the 
same size as, but is lower than, the proto¬ 
cone; the two cusps are separated by a ver¬ 
tical groove on the lingual surface of the 
tooth (fig. 7C). The dP4 is replaced by P4 
after M3 is erupted (IVPP V7528, V7547; 
figs. 9, 12D). 

Differing from dP3, P3 is oval in outline 
and is transversely elongate (figs. 8, 9, 12). 
Its crown is higher lingually than labially. 


The P3 lacks a hypocone and the vertical 
groove on the lingual surface. An unworn P3 
has a sharp protocone and a labial cusp, pre¬ 
sumably the paracone (figs. 9, 12E). The 
paracone is slightly higher than the proto¬ 
cone. An enamel ridge, the protoloph, which 
forms the anterior edge of the tooth, connects 
the two cusps. A weaker ridge, presumably 
the metaloph, extends from the protocone to 
the posterolingual base of the paracone. The 
two ridges confine a small basin between the 
protocone and paracone. The latter ridge dis- 
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appears with wear and the confined basin be¬ 
comes confluent with the hypocone shelf. 
Anterolateral to the paracone is a small par- 
astyle-like cuspule. A metastyle-like cuspule 
is usually present posterolateral to the para¬ 
cone. The metacone is not formed in most 
specimens. In some, however, an incipient 
metacone is developed immediately posterior 
to the paracone (fig. 8). In specimens that 
bear the metacone, the parastyle- and metas- 
tyle-like cuspules are usually more promi¬ 
nent, and a narrow external cingulum is com¬ 
monly present. We consider these differences 
to be variations among individual organisms 
of the same species. In all cases, the posterior 
half of the P3 is a broad, deep, oval-shaped 
shelf. 

Differing from the dP4, the P4 is less mo- 
lariform in that all cusps, except the proto¬ 
cone, are not fully developed. The P4 is sim¬ 
ilar to but larger than the P3 (fig. 8). As in 
the P3, the P4 also shows the same variation 
of the metacone. 

The Ml is significantly larger than the dP4 
and P4 (figs. 9, 12). Its trigon is transversely 
elongate with the labial cusps being more 
marginally located. The paracone is higher 
and larger than the metacone and is more lat¬ 
erally extended; the two cusps are separated 
by a narrow, transverse groove. There is no 
external cingulum. The widest region of the 
tooth is between the paracone and the pro¬ 
tocone. There is no anterior cingulum, nor is 
there any conule. The strong, curved proto- 
loph connects the protocone and paracone 
and forms the anterior cutting edge of the 
tooth. A blunt metaloph extends from the 
protocone to the metacone. In contrast to the 
thick enamel layer of the protoloph, the me¬ 
taloph is covered by a thin layer of enamel 
that is observed only in newly erupted teeth. 
The enamel is easily worn so that the metal¬ 
oph in most specimens is made up of bare 
dentine. In specimens of older individuals, 
intensive wear has even deleted the metal¬ 
oph. At that stage, the paracone and meta¬ 


cone are no longer distinguishable, the trigon 
becomes confluent with the hypocone shelf, 
and the enamel forms a loop surrounding the 
tooth (fig. 12H). Because the paracone and 
metacone are close to each other, the proto¬ 
cone and lophs from it form a compressed V 
shape. The protocone is the largest cusp of 
the tooth and is columnlike in lingual view 
(figs. 9, 12). The hypocone is lower, smaller, 
and more lingually positioned than the pro¬ 
tocone. The two cusps are separated on the 
lingual surface by a shallow, vertical groove 
that extends into the alveolus. As in the pre¬ 
molars, the most conspicuous feature of the 
Ml is the expanded hypocone shelf, which 
is a broad basin forming the posterior half of 
the tooth. The basin is oval-shaped and pos¬ 
teriorly bordered by a complete enamel edge 
that extends from the hypocone and termi¬ 
nates as a metastyle at the posterolabial cor¬ 
ner of the metacone. 

M2 bears two lingual roots as shown on 
IVPP V7554, one supporting the protocone 
and the other the hypocone. M2 differs from 
Ml in being larger and having stronger cusps 
and lophs (figs. 9, 12). In some specimens, a 
dentine ridge is developed at the posterior 
side of the metaloph and extends posteriorly 
across the hypocone shelf, as shown in IVPP 
V7551 (fig. 12C). The hypocone shelf is fur¬ 
ther expanded on M2. In general morpholo¬ 
gy, however, M2 is similar to Ml. 

The M3 trigon is basically similar to those 
of Ml and M2 (figs. 9, 12). It differs from 
Ml and M2 in having a reduced metacone 
and a transversely narrower hypocone shelf. 
The tooth has a triangular outline in crown 
view. Although reduced, the M3 hypocone 
shelf is more complex than on Ml and M2 
in bearing a strong dentine ridge that extends 
posterolingually from the posterior side of 
the metaloph to the hypocone. In addition, 
the posterolabial edge of the shelf is deco¬ 
rated with a series of small enamel conules. 
With wear, all these structures disappear. 


Fig. 14. Lower cheek teeth of Rhombomylus (IVPP V5278, V5280, V7585, V7573, V7583, V7587.1. 
V7589, V7591). Occlusal, lingual, and labial views of cheek teeth showing variations owing to ages 
and wear among individuals. See text for discussion. Some images were photographically flipped to 
facilitate comparison. 
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Fig. 15. Upper, A fragmentary mandible 
showing replacement of lower premolars of 
Rhombomylus (IVPP V7588); Lower, cross-sec¬ 
tion of ml and m2 of Rhombomylus showing the 
roots and pulp cavity. 

The lower cheek teeth increase in size pos¬ 
teriorly and lean forward. The dp3 displays 
some variation. In IVPP V7585 (fig. 7D-F), 
the dp3 is short, with an anterior cusp, pre¬ 
sumably the protoconid, and a simple talonid 
that is wider than the anterior half of the 
tooth. In other specimens (IVPP V7589 and 
V5280 fig. 14B, C) the dp3 is long and 
shows differentiation of the trigonid and tal¬ 
onid. The trigonid bears a main anterior cusp, 
probably the protoconid, and a posterolingual 
cusp, possibly the metaconid. The shape of 
the talonid indicates presence of the hypo- 
conid, entoconid and hypoconulid, although 
they are not definitely separated. The two 
roots of the deciduous premolars are more 
open than those of permanent premolars (fig. 
15, upper). Replacement of the dp3 appears 
to be slightly later than that of the dp4, after 
eruption of the m3. 

The dp4 differs from the dp3 in being larg¬ 


er and more molariform (figs. 7, 14). Differ¬ 
ing from the molars, the dp4 trigonid is rel¬ 
atively long and is narrower than the talonid. 
The trigonid bears the protoconid, paraconid 
and metaconid, with the paraconid projecting 
anteriorly. A weak anterior cingulum is at the 
anterior base of the tooth. The hypoconid, 
entoconid, and hypoconulid on the talonid 
are well developed, although in all specimens 
they were worn. The ectolophid extends 
from the hypoconid to the posterior wall of 
the trigonid. 

The p3 also shows some variations. In 
IVPP V7591 and V7573 (figs. 13, 14G), the 
p3 has a high, conical anterior (trigonid) 
cusp. On the lingual base of this main cusp 
are two small swellings, of which the ante¬ 
rior one is probably the paraconid and the 
posterior the metaconid. A trigonid is not de¬ 
veloped. The simple talonid bears two low 
cusps, presumably the hypoconid on the lat¬ 
eral side and the entoconid on the medial 
side; the two cusps are connected by a weak 
ridge. In IVPP V7587.1 (fig. 14F), however, 
the trigonid is more complex in having a sig¬ 
nificant metaconid and a small trigonid basin, 
so that the trigonid is wider than the talonid. 
The cusps on the talonid are stronger than 
those in IVPP V7591 and V7573, and a ru¬ 
dimentary hypoconulid appears to be pres¬ 
ent. 

The p4 differs from the dp4 in being short¬ 
er and less molariform; its talonid is notably 
narrower than the trigonid (figs. 13, 14). Al¬ 
though the trigonid is wider than that of dp4, 
the paraconid of p4 is reduced and is much 
lower than the protoconid and metaconid. 
The trigonid is anteroposteriorly shortened. 
An inclined anterior cingulum extends dor- 
solingually from the base of the protoconid 
to the paraconid (fig. 13C). The posterior sur¬ 
face of the trigonid is high and steep. On the 
narrow talonid, the hypoconid, entoconid, 
and hypoconulid are distinct but closely 
packed. A short ectolophid extends from the 
hypoconid to the midline of the tooth, but it 
is separated from the posterior wall of the 
trigonid by a narrow gap, which differs from 
the condition in the dp4. 

All lower molars have two long roots, with 
the posterior one being stronger. The pulp 
cavity of the tooth crown continues into the 
roots (fig. 15, lower). The tooth crown is 
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broader at the base. The trigonid is signifi¬ 
cantly higher than the talonid and is antero- 
posteriorly shortened (figs. 13, 14). An an¬ 
terior cingulum exists along the anterior base 
of the molar. The paraconid is reduced. On 
unworn specimens, the lingual side of the tri¬ 
gonid is slightly longer than the labial side, 
but with wear, the trigonid becomes nearly 
even in length labially and lingually and is 
transversely elongate. The entire trigonid is 
rimmed by an enamel loop. The metaconid 
is always higher than the protoconid in both 
juvenile and adult individuals. 

The ml trigonid is wider than that of the 
dp4. The posterior surface of the ml trigonid 
is steep and bears an extensive shearing fac¬ 
et. The facet is broader lingually than labi¬ 
ally. In posterior view, the cutting edge of 
the trigonid forms a curved line. The talonid 
is lower but longer than the trigonid. It bears 
the hypoconid, entoconid, and hypoconulid. 
In unworn teeth, the conical entoconid is the 
highest cusp of the talonid, separated from 
the transverse hypoconulid by a narrow gap, 
whereas the hypoconid is the broadest one. 
None of the cusps has an enamel ridge. The 
interior surfaces of ah these cusps are cov¬ 
ered with thin enamel, which is usually gone 
with slight wear. From the hypoconid a short 
ectolophid extends anteromedially. The 
enamel layer of the ectolophid forms a bulge, 
which may be interpreted as a mesoconid. A 
narrow, deep, and transverse groove fully 
separates the trigonid from the talonid. With 
wear, however, this groove and the talonid 
cusps are indistinct, and the talonid becomes 
broadly basined. 

The m2 is larger than the ml. Its trigonid 
and talonid are more deeply separated, and 
the talonid cusps are further expanded. The 
mesoconid on the ectolophid is more prom¬ 
inent than that of the ml. In some cases, such 
as V7568.1, a small mesostylid occurs at the 
anterior base of the entoconid. Other struc¬ 
tures are similar to those of the ml. 

The m3 is the largest lower molar. Its tri¬ 
gonid is wider than, but morphologically 
similar to, that of the m2. The m3 talonid 
differs from that of m2 in being longer. All 
the talonid cusps are larger, especially so for 
the hypoconulid, than those of the m2. In 
young individuals the expanded hypoconulid 
is separated from the other two cusps by 


gaps. With wear, the cusps are no longer dis¬ 
tinguishable and the talonid becomes a broad 
basin. 

Discussion: Although once regarded as 
synonyms (Dashzeveg and Russell, 1988), 
Rhombomylus is actually significantly differ¬ 
ent from Matutinia in dental morphology. 
Mcitutinia is generally smaller (figs. 10, 11). 
Its teeth have relatively lower crowns, more 
distinctive cusps, and lower ridges. The p3 
is single-rooted in Matutinia, but doubled in 
Rhombomylus. The paracone and metacone 
on cheek teeth of Matutinia are more conical 
than those of Rhombomylus. These cusps, as 
well as the protoloph and metaloph extended 
from these cusps, are more distantly separat¬ 
ed in Matutinia than in Rhombomylus. The 
hypocone shelf of the cheek teeth is more 
prominent in Rhombomylus than in Matuti¬ 
nia. In particular, the shelf on the M3 of 
Rhombomylus forms a lobe with complex 
structures on unworn specimens. The hypo- 
cone shelf on the M3 of Matutinia is simple 
and reduced. The ridges that confine the tri¬ 
gonid, the ectolophid, and talonid cusps are 
more distinctive in Matutinia than in Rhom¬ 
bomylus. On the upper teeth of Rhombomy¬ 
lus, the vertical groove on the lingual side of 
the cheek teeth extends into the alveolus, 
whereas the groove is short in Matutinia. 

Enamel Microstructures 

The ever-growing incisors of rodents are 
very effective tools for food gathering and 
cutting, defense, and shaping the environ¬ 
ment. These functions of incisors can be in¬ 
terpreted for early gliroid mammals on the 
basis of similar incisor morphology (Wahlert, 
1989; Martin, 1993). Although the cheek 
teeth of gliroid mammals differ considerably, 
their incisors are similar in that they are root¬ 
less, ever growing, and deeply embedded in 
the premaxilla and mandible, and that the 
enamel is restricted primarily to the labial 
(external) surface of the incisor. In addition, 
the tooth enamel of gliroid mammals has 
complex microstructures. The fundamental 
microstructures typical of the incisor enamel 
of gliroid mammals are the various types of 
bands formed by decussating bundles 
(prisms) of hydroxyapatite crystallites, 
namely Hunter-Schreger bands (HSB) (Kor- 
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venkontio, 1934; Wahlert, 1968, 1989; Boy- 
de, 1978; Koenigswald, 1980, 1985; Koenig- 
swald et al„ 1987; Martin, 1992, 1993, 1994, 
1999). The HSB are interpreted as strength¬ 
ening architectures that prevent crack prop¬ 
agation of the enamel layer that forms the 
cutting edge of the tooth, which is under 
great pressure during gnawing (Lehner and 
Plenk 1936; Koenigswald, 1980; Pfretz- 
schner, 1988; Koenigswald and Pfretzschner, 
1991). For gliroid mammals that do not have 
HSB, such as Tribosphenomys (Meng et al., 
1994), minute postmorton cracks occur in the 
enamel layer (Meng and Wyss, 1994). In ad¬ 
dition to their functional significance, enamel 
microstructures have been considered phy- 
logenetically informative for gliroid mam¬ 
mals at various levels (Korvenkontio, 1934; 
Wahlert, 1968, 1989; Boyde, 1978; Koenig¬ 
swald, 1980, 1985; Koenigswald et al., 1987; 
Sahni, 1980; Martin, 1992, 1993, 1994; 
Meng and Wyss, 1994, 2001). As Boyde 
(1978: 57) stated, “The conclusion that ge¬ 
netic control of cell behavior determines the 
enamel structure explains the strong taxo¬ 
nomic basis found for the structures de¬ 
scribed here.” However, alternative opinion 
on the phylogenetic value of the enamel mi¬ 
crostructures in gliroid mammals exists 
(Dauphin et al., 1988). 

Although extensive investigations of gli¬ 
roid mammals have been made since the 
work of Korvenkontio (1934), the enamel 
microstructures in the early gliroid mam¬ 
mals, particularly those that are usually 
placed in “Mixodontia” or “Eurymylidae”, 
are insufficiently described (Koenigswald, 
1995; Martin, 1999). This is largely because 
of rareness of specimens. The enamel micro¬ 
structures of Rhombomylus and cf. Rhom- 
bomylus have been illustrated and discussed 
elsewhere (Martin, 1992: pi. 5, figs. 4, 5; 
1993: fig. 19; 1999). According to Martin, 
both single- and double-layered incisor 
enamel types exist in different species of 
Rhombomylus, although Martin’s specimens 
were not assigned to any species of Rhom¬ 
bomylus. Here we describe additional incisor 
enamel from Rhombomylus turpanensis, the 
only species of the genus we recognize. 

Most previous studies on enamel micro¬ 
structure of gliroid mammals focused on the 
incisor enamel, whereas few have explored 


the cheek teeth. This is probably because of 
the concern, as stated by Martin (1993: 229), 
that “Rodent incisor enamel evolves inde¬ 
pendently from the other dental traits (Ko¬ 
enigswald, 1988; Koenigswald and Clemens, 
1992) and is particularly appropriate for 
comparative studies, because the incisors 
have roughly the same shape in all rodents 
and therefore are not strongly influenced by 
differing biomechanical constraints, in con¬ 
trast to hypsodont and brachydont molars.” 
However, studies of living rodent teeth show 
that tooth development is regulated by mo¬ 
lecular mechanisms common to most organs 
(Thesleff et al., 1995) and that in murines at 
least the molar enamel is similar to that of 
the incisor (Lyngstadaas et al., 1998). In ad¬ 
dition, the molar enamel becomes fully ma¬ 
tured in 14 to 17-day-old mice, indicating 
that enamel microstructures of cheek teeth 
are not so strongly subject to biomechanical 
constraints after birth (Lyngstadaas et al., 
1998). Therefore, cheek teeth may bear phy¬ 
logenetic information that has not been sys¬ 
tematically documented. 

To our knowledge, no study has been car¬ 
ried out on fossil gliroid mammals in which 
incisor and cheek teeth enamels from indi¬ 
viduals of the same species at various ages 
are systematically examined. With our 
unique collection of Rhombomylus , we pro¬ 
vide a thorough documentation of its incisor 
and cheek tooth enamels. We attempt to ex¬ 
plore several issues: (1) whether the enamel 
microstructures vary at different segments of 
the same incisor; (2) whether the enamel 
structures change at different developmental 
stages of a species; (3) whether microstruc¬ 
tures of the incisor enamel evolved indepen¬ 
dently from those of cheek teeth; (4) whether 
the molar enamel has any phylogenetic value 
for gliroid and higher level mammalian re¬ 
lationships; and (5) what are the relationships 
between structures of tooth enamel and the 
chewing function in Rhombomylus. As point¬ 
ed out by Clemens (1997: 88), the studies of 
the enamel microstructure “underscore the 
need to analyze more than one section of a 
tooth in order to adequately describe the 
characteristic range of prismatic structure of 
a species.” Our analysis is based on teeth 
from several individuals of different ages of 
Rhombomylus. 


MENG ET AL.: RHOMBOMYLUS 


2003 


39 



Fig. 16. Enamel structures of the left upper incisor of Rhombomylus (IVPP V7492; the rostrum of 
the same specimen was cut for the longitudinal and frontal sections of nasal cavity [figs. 43—44]) (the 
image in G was photographically reversed). A, C, E, Cross-sectional views of the incisor enamel mi¬ 
crostructure at segments of the same tooth shown in G: B, D, F, longitudinal-sectional views of the 
incisor enamel microstructure near a, c and e in G; H, enamel distribution on the upper incisor. The 
scanning electronic microscopic images (A—F) are on the same scale. See text for description and 
discussion. 
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Incisor Enamel: The enamel is distributed 
on the labial surface throughout the entirety 
of upper and lower incisors (figs. 16, 17). 
During preservation, the enamel may have 
undergone a certain degree of erosion or re¬ 
crystallization, which alters the microstruc¬ 
ture of the enamel. These changes take place 
more frequently near the tip of the incisor 
where the tooth is not protected by the jaw 
bone, as shown in IVPP V7489 (fig. 17A, B). 

The enamel thickness is about 100 pm in 
the lower incisor and 70 pm in the upper for 
adult individuals that are approximately the 
same age (figs. 16, 17). The prismless exter¬ 
nal layer is very thin and shapes the smooth 
external surface of the enamel. After acid 
treatment, much of this layer was gone. In 
cross sections of lower and upper incisors, 
the prisms form an irregular wavy pattern. In 
contrast, HSB are distinctive in longitudinal 
sections of both upper and lower incisors. In 
both upper and lower incisors, the enamel is 
differentiated into an inner layer (portio 
interna, PI) with HSB and a thin, poorly de¬ 
fined outer layer (portio externa, PE) with 
radial enamel. The outer layer is more dis¬ 
tinct in the lower incisor than in the upper 
incisor. The prisms in this layer are not well 
organized and do not show definitive apical 
bending in longitudinal section. 

In longitudinal section, Hunter-Schreger 
bands of the inner layer in upper and lower 
incisors are inclined apically in relation to 
the enamel-dentine junction at an angle of 
20—30°, according to the definition of Martin 
(1999). The HSB are not well defined and 
the number of prisms varies from band to 
band. By examining the HSB across entire 
sections of all examined specimens on the 
SEM monitor, we found that most bands con¬ 
sist of two to four rows of prisms; some 
bands may have up to five rows of prisms. 
There is no distinct transition zone between 
the HSB. Each prism is surrounded by the 
interprismatic matrix; both are separated by 



Fig. 18. Enamel distribution and microstruc¬ 
ture of a lower incisor from a juvenile individual 
of Rhombomylus (IVPP V5280), in which decid¬ 
uous premolars are present and germs of M3/m3 
are completely embedded in bones. A, Distribu¬ 
tion of the enamel on the labial surface of the 
incisor; B-C, cross and longitudinal sections 
showing microstructure of the enamel. See text 
for description and discussion. 


Fig. 17. Enamel structures of the left lower incisor of Rhombomylus (IVPP V7489). A, C, E, Cross- 
sectional views of the incisor enamel microstructure at segments of the same tooth shown in G; B, D, 
F, longitudinal-sectional views of the incisor enamel microstructure near a, c, and e in G; H, enamel 
distribution on the lower incisor. Note A and B are on the same scale, which differs from that of C-F. 
See text for description and discussion. 
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a space, the prism sheath that was filled with 
proteoglycans in life. The inclination of 
prisms is roughly parallel to that of the crys¬ 
tallites of the interprismatic matrix. The 
enamel type is pauciserial. 

Enamel microstructures taken from vari¬ 
ous segments of the same incisor do not 
show significant differences. This is true for 
both the upper and lower incisors. However, 
there exists a gradient of enamel thickness; 
that is, the enamel increases its thickness to¬ 
ward the posterior end of the tooth. This in¬ 
dicates that the enamel layer of the ever¬ 
growing incisor thickens with age. 

In the young individual (IVPP V5280; fig. 
18), in which deciduous teeth are present and 
germs of the M3 and m3 are not yet formed, 
the width of the lower incisor is only about 
half that in an adult. The enamel layer of this 
specimen is about 80 pm thick, thinner than 
that of an adult individual. The enamel type, 
seen in both transverse and longitudinal sec¬ 
tions, is similar to that of a mature individ¬ 
ual. However, the outer layer in the juvenile 
lower incisor seems to be absent; therefore, 
the HSB seen in the longitudinal section ex¬ 
tend from the enamel-dentine junction to the 
surface of the enamel. 

Cheek Tooth Enamel: Sectioned cheek 
teeth provide information on enamel distri¬ 
bution and its microstructures. Figure 19 
shows the cross-sectional contours of enamel 
at three different levels of the P4-M3 from 
one individual and the p4-m3 from another. 
The expanding enamel contours from apical 
to basal sections indicate that the cheek teeth 
of Rhombomylus are narrower apically than 
basally. Similar to the incisor enamel, the 
cheek tooth enamel at a given position is 
slightly thinner apically than basally. The 
thickest enamel in upper cheek teeth is found 
around the protocone, measuring about 170 
pm, and the thinnest is between cusps on the 
occlusal surface, about 20 pm (figs. 19A—C, 
20). Among the upper cheek teeth, the enam¬ 
el of the Ml is slightly thinner than it is on 
the P4 and M2—3. The enamel forming the 
anterior and medial edges of the upper cheek 
teeth is much thicker than that around the 
lateral and posterior borders of the teeth. 
This is in keeping with the fact that the an¬ 
terior edge of the upper cheek teeth is the 
highest and widest region of the upper cheek 


teeth and functions as the main shearing 
edge. 

For most of the lower cheek teeth, the 
enamel as seen in frontal crosssections forms 
two loops: one surrounds the trigonid and the 
other the talonid (fig. 19D—F). Similar to the 
upper cheek teeth, the enamel in the basined 
areas (trigonid and talonid) is very thin. The 
thickest enamel is around the posterior wall 
of the trigonid, whereas the thinnest is along 
the anterior edge of the trigonid and the pos¬ 
terior edge of the tooth (with the exception 
of the m3). The enamel may be completely 
absent at the central portion of the anterior 
edge of the trigonid, where cement fills the 
space between teeth. The posterior wall of 
the trigonid in a lower cheek tooth is the 
main cutting edge, which shears across the 
anterior edge of an upper molar during oc¬ 
clusion. When evenly grinding down the 
teeth of a dentition, the ml is the first one of 
the cheek teeth to be worn off, suggesting 
the same sequence in life. Its thin enamel 
also indicates that the first molar was formed 
earlier than the last premolar and other mo¬ 
lars. Unlike the upper cheek teeth, the enam¬ 
el layers on the lateral and medial sides of 
the lower cheek teeth are almost equal in 
thickness. 

SEM images (fig. 20) show that the cheek 
tooth enamel has more complex patterns of 
microstructure than does the incisor, and that 
the microstructure corresponds to the distri¬ 
bution of the enamel and probably to the 
functions of the tooth as well. Because the 
microstructure in the upper and lower cheek 
teeth is similar, we illustrate only that of the 
upper cheek teeth (fig. 20). The specific areas 
where the microstructures are examined are 
indicated in figure 19A, B. In general, the 
most complex microstructure is found in the 
thickest enamel along the primary shearing 
edges (fig. 20A, B). In this area the Hunter- 
Schreger bands are formed and the prisms 
with flat cross sections are densely compact¬ 
ed. In the occlusal section (fig. 20A), which 
is equivalent to the cross section of the in¬ 
cisor enamel, there is no distinctive pattern 
of prisms, but it can be seen that the prisms 
are surrounded by interprismatic matrix. In 
the longitudinal section (fig. 20B), the HSB 
are best developed in the middle portion of 
the enamel layer. Therefore, the enamel in 
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Fig. 19. Enamel distributions on cheek teeth of Rhombomylus. A—C, Enamel distributions in occlusal 
sections at three heights ranging from near the apex to the base of the left P4-M3 (IVPP V7490). D- 
F, Enamel distributions in occlusal sections at three heights ranging from near the apex to the base of 
the right p4-m3 (IVPP V7491). The enamel microstructure of the areas labeled in B are illustrated in 
figure 20. All images are on the same scale. See text for description and discussion. 
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Fig. 20. Enamel microstructures of left upper molars of Rhombomylus (IVPP V7490), corresponding 
to sections labeled in figure 19. See text for description and discussion. 
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this area is differentiated into three layers. 
With this multilayered structure, cracks par¬ 
allel to the cutting edge are probably pre¬ 
vented when the cutting edge of the tooth is 
under pressure during food processing. In the 
transverse section (fig. 20G), the parallel 
prisms from HSB are revealed. The architec¬ 
ture of the enamel in this region appears to 
be weak, but it seems suitable for a region 
that receives compressional pressure during 
occlusion. The micro structure of the enamel 
posterior to the paracone is less complex than 
that of the anterior cutting edge. It lacks the 
outer layer and its HSB are similar to those 
of the incisor (fig. 20D). The enamel on the 
occlusal surface is the thinnest and weakest 
(fig. 20E, F) and lacks HSB. 

Discussion: In studying incisor enamel 
microstructure of gliroid mammals, samples 
are usually taken from segments at various 
positions along an incisor, depending on the 
preservation of the tooth. To make a mean¬ 
ingful comparison between species, one has 
to hypothesize that enamel samples taken at 
different segments of an incisor do not differ 
significantly in their microstructures. Our in¬ 
vestigations of the upper and lower incisors 
show that the general enamel microstructure 
is the same wherever the enamel sample is 
taken from the same tooth. This observation 
may be generalized for other gliroid mam¬ 
mals. When incisor enamel microstructures 
of gliroid species are compared, the sampling 
location should not be a problem. 

Previously it has been unclear whether the 
enamel microstructures change at different 
stages of ontogeny in a species. Koenigswald 
et al. (1993: 304) stated that “After miner¬ 
alization in the depth of the jaw, enamel can¬ 
not be remodeled. This is a fundamental dif¬ 
ference from bone. Therefore, biomechanical 
adaptations in enamel must first be estab¬ 
lished in the genome as a result of natural 
selection of previous generations and cannot 
be regarded as an immediate ontogenetic re¬ 
action to actual needs.” By comparing the 
enamel from individuals of different ages of 
Rhombomylus , we may extend the conclu¬ 
sion of Koenigswald et al. to basal gliroid 
mammals. However, for the ever-growing in¬ 
cisor in gliroid species, such as Rhombomy¬ 
lus, the thickness of the enamel gradually in¬ 
creases during the life of an individual. Also, 


as shown in Rhombomylus, the outer layer is 
not developed in the incisor enamel of young 
individuals. The radial enamel of the outer 
layer helps to shape a sharp cutting edge, be¬ 
cause it is slightly more resistant to wear than 
the inner layer and the dentine (Rensberger 
and Koenigswald, 1980; Fortelius, 1985). 
Thus, development or modification of the 
outer layer with radial enamel may be of 
some functional need that is necessary for 
adult individuals. It should be cautioned that 
age may be a factor affecting the morphology 
of the enamel microstructures in gliroid 
mammals. 

It has been considered that the incisor of 
gliroid mammals is such a specialized struc¬ 
ture and that rodent incisor enamel evolves 
independently of other dental traits (Koenig¬ 
swald, 1988; Koenigswald and Clemens, 

1992) so that the conservative form and uni¬ 
versal function make the incisor enamel ap¬ 
propriate for phylogenetic study (Martin, 

1993) . For Rhombomylus and Tribospheno- 
mys, in which both incisor and molar enamel 
microstructures are known, there is no clear 
evidence that the complex microstructures of 
the HSB is developed earlier in incisors than 
in molars and that incisor enamel has 
evolved independently of enamel of cheek 
teeth among gliroid mammals. 

Dental Wear 

Wear facets on teeth result primarily from 
contact between the lower and upper teeth 
during food processing and occlusion. Be¬ 
cause of the uneven topology of the tooth 
crown, the contacts between the teeth devel¬ 
op at various places. For each contact area, 
a flat, smooth facet is generated on both up¬ 
per and lower teeth (Butler, 1952). The facets 
are normally striated and pitted owing to in¬ 
gestion of grit harder than the enamel, as part 
of, or as an accessory to, food (Rensberger, 
1978). These corresponding facets between 
occlusal pairs of upper and lower teeth can 
be homologized over a variety of mammals 
(Butler, 1952; Crompton, 1971; Crompton 
and Hiiemae, 1970). Dental wear facets and 
microwear can be used to infer activities that 
caused them. These inferences fall mainly 
into two areas: the mechanisms related to 
chewing, such as chewing direction and type 
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(e.g., compression vs. shearing) (Butler, 
1952, 1972, 1985; Crompton and Hiiemae, 
1970; Kay and Hiiemae, 1974; Hiiemae, 
1978; Rensberger, 1978; Janis, 1990), and 
diet (what kind of food the teeth processed) 
(Lucas, 1979; Janis, 1995; Walker et al., 
1978; Rensberger, 1978, 2000; Solounias et 
al., 1988; Solounias and Hayek, 1993; Hunt¬ 
er and Fortelius, 1994; Teaford and Walker, 
1984; Grine, 1981; Grine and Kay, 1988). 
Most of these studies, however, are focused 
on primitive mammals, primates, and large 
ungulates. Although considerable studies of 
microwear for extant and fossil rodents have 
been conducted (Rensberger, 1975, 1978, 
1982; Butler, 1980, 1985; Voss, 1988), little 
has been done on early eurymylids and mim- 
otonids. This is probably because specimens 
of these species suitable for SEM study are 
limited. In this regard, the many specimens 
of Rhombomylus provide an opportunity to 
explore tooth wear in a basal gliroid. 

Description: As described above, the 
cheek teeth of Rhombomylus differ most re¬ 
markably from those of other gliroid mam¬ 
mals in having an expanded hypocone shelf. 
In occlusion, the trigonid of a lower cheek 
tooth rests entirely in the hypocone shelf of 
the anterior upper cheek tooth, while the tal- 
onid of the lower tooth receives the trigon of 
its upper counterpart. Because the upper 
cheek teeth incline posteriorly and the lower 
ones lean anteriorly, the shearing surfaces of 
the teeth are slightly inclined. The primary 
shearing facets are formed between the an¬ 
terior surface of an upper cheek tooth and 
the posterior surface of the trigonid of the 
corresponding lower cheek tooth. These sur¬ 
faces are the widest area in both upper and 
lower teeth, and the wall bearing the shearing 
surface has the thickest enamel (see above). 

On the upper cheek teeth (fig. 21), the pri¬ 
mary shearing facet extends from the proto¬ 
cone to paracone, forming the anterior edge 
of the tooth. This shearing facet in an upper 
molar (e.g., M2) is caused by contact with 
the posterior wall of the trigonid of the cor¬ 
responding lower molar (e.g., m2). It is trans¬ 
versely long and curved (in both occlusal and 
anterior views). Because of lack of the an¬ 
terior cingulum and different shapes of crests 
and cusps, it is difficult to homologize the 
wear facets of Rhombomylus with those of 


rodents (Butler, 1980, 1985). However, by 
position and contact with the opposing lower 
molar, the primary shearing facet in Rhom¬ 
bomylus is probably a combination of facets 
2 and 3 denoted to facets anterior to the para¬ 
cone and protocone, respectively, in primi¬ 
tive rodents (Butler, 1980, 1985). The depth 
of the primary shearing facet varies from in¬ 
dividual to individual. In general, an old in¬ 
dividual tends to have a deeper facet than 
does a juvenile. In most cases, the facet is 
extensive, ranging from one-third to half the 
height of the anterior wall of the tooth. 

The primary shearing facet is decorated 
with numerous fine pits and striations of dif¬ 
ferent widths (fig. 2IF). These structures 
most likely result from small inorganic par¬ 
ticles, such as detrital grains in the soil 
(Rensberger, 1978), or by phytoliths (Walker 
et al., 1978), which have been drawn across 
the surface of the enamel under pressure suf¬ 
ficient to cause grooves. For grooves to be 
produced, the particles must be harder than 
the enamel (or dentinal) surface, and the 
pressure not so great as to cause them to be 
crushed. Occurrences of very short striae and 
pits may be the result of crushing of the par¬ 
ticle. As shown in figure 2IF, the striations 
can be as long as 200 p,m. These striations 
are roughly parallel and are slightly curved. 
It appears that near the edge of the primary 
shearing facet, the striations are more verti¬ 
cally oriented, whereas along the basal area 
of the facet they become more horizontal. 

Striations are common on the enamel at 
the lingual side and crown surface of the pro¬ 
tocone (fig. 21E). On the occlusal surface, 
the harder enamel ridge is higher than the 
softer dentine. However, the enamel ridge is 
not a flat facet; instead, it is convex. The 
enamel near the dentine (on the right side of 
the line in fig. 2IE) bears more pits than stri¬ 
ations. The enamel on the outer side of the 
enamel ridge has numerous fine, parallel stri¬ 
ae. The striae show a diagonal direction and 
are similar to the pattern that was referred to 
as furrows by Rensberger (1978). Furrows 
are parallel fabriclike grooves in which the 
diameters and spacing are uniform. The par¬ 
allel grooves found on the enamel of Rhom¬ 
bomylus are not as distinct as those in ro¬ 
dents (e.g., Microtus in Rensberger, 1978). 

Striations and pits also occur in elevated 
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Fig. 21. A-B, Right M2 and Ml of Rhombomylus (IVPP V7492, from the same specimen that has 
been cut to view the longitudinal and frontal sections of the nasal cavity in figs. 43 and 44). The scanning 
electronic microscopic images (C—G) are close-up views of the areas labeled in A and B. All the figures 
are oriented in the same direction but are not on the same scale. Arrows indicate directions of strikes 
or movement of the lower teeth, p, pit; s, striation. See text for description and discussion. 
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Fig. 22. A, Left ml and the trigonid of m2 from a fragmentary mandible of Rhombomylus (IVPP 
V7493). The scanning electronic microscopic images (B-F) are close-up views of the areas labeled in 
A. All the figures are oriented in the same direction but are not on the same scale. Arrows indicate 
directions of strikes or movement of the teeth. 


dentinal areas, such as the posterior side of 
the paracone (fig. 2ID) and the metaloph 
(fig. 21C), where enamel is totally absent. On 
the posterior side of the paracone, the cusp 


is coarsely pitted and gouged. The coarse 
striae have the same direction of those seen 
in other areas of the tooth. The pits are dens¬ 
er and larger near the tip of the cusp than in 
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other areas of the tooth. At the base of the 
paracone, or near the valley of the trigon ba¬ 
sin (around the arrow in fig. 2ID), the stri- 
ations are finer. The surface of the metaloph 
is gently convex and bears fine pits and striae 
(fig. 21C). In addition to these structures, this 
area also shows the feature of polish, which 
probably results from abrasion by very fine 
and soft food material. Therefore, the stria- 
tions on the dentine surface were probably 
not produced by tooth contact, differing from 
those on the primary shearing facet formed 
by enamel. The basined areas of the tooth are 
dentinal, such as the area labial to the enamel 
ridge (fig. 2IE) and the hypocone shelf (fig. 
21G), where striations are lacking; nothing 
directional is observed. These regions have 
probably undergone polish and abrasion dur¬ 
ing food processing, but not punctuation 
from the opposing tooth during occlusion. 

The primary shearing facet of the lower 
cheek teeth is on the posterior wall of the 
trigonid, extending from the protoconid and 
metaconid (fig. 22A, B). The facet bears pits 
and striations similar to those on upper cheek 
teeth in shape and density. Also similar to 
upper cheek teeth, the pits and striations on 
the cusp enamel are coarser apically than ba- 
sally; striae are primarily transverse in direc¬ 
tion; and the dentinal basins are somewhat 
polished and lack directional structures (fig. 
22C-E). 

See functional analysis of mastication for 
discussion. 

CRANIAL ELEMENTS 

General Shape of Skull: The skull shape 
of Rhombomylus is similar to that of a non- 
specialized rodent, such as Paramys (Wood, 
1962) (figs. 23-28). Its outline is oval in dor¬ 
sal and ventral views, with the rostrum ta¬ 
pering anteriorly. The narrowest part of the 
skull is behind the postorbital bar in dorsal 
view, posterior to M3 in ventral view. The 
widest part of the skull (counting the zygo¬ 
matic arches) is across the middle level of 
zygomatic arches. On the skull roof there is 
usually an exposure of the mastoid between 
the squamosal and parietal. The surface of 
the mastoid exposure is rough and its area 
increases with age. The occipital region has 
a well-defined lambdoidal crest. In ventral 


view, the most prominent features of the 
Rhombomylus skull are a complete bulla that 
encloses the middle tympanic cavity and the 
expanded mastoid region between the basi- 
occipital and squamosal. In lateral view, the 
skull of Rhombomylus is also rodentlike in 
having a distinct upper diastema that is sig¬ 
nificantly longer than its counterpart in the 
lower jaw. Another characteristic region of 
Rhombomylus is the strong and complex zy¬ 
goma. 

Nasal: The nasals form the roof of the 
nasal cavity; their anterior tips overhang the 
external nares. The two nasals are nearly 
rectangular, with anterior ends slightly flaring 
out; therefore, most of the nasal-premaxillary 
sutures are parallel (figs. 23, 26, 29). In dor¬ 
sal view, the nasals extend posteriorly to the 
level of P3 and contact the frontals in a 
smooth, oblique suture. The posterolateral 
corner of each nasal extends more posteriorly 
than the median portion. The internal mor¬ 
phology of the nasal and nasal cavity can be 
assessed from cross sections (see Cross Sec¬ 
tions). In lateral view, the nasals define a 
gentle arch along the dorsal margin of the 
rostrum (figs. 25, 28). 

Premaxilla: The premaxilla accommo¬ 
dates most of the upper incisor (the posterior 
end of the incisor extends into the maxilla) 
and constitutes the ventral and lateral walls 
of the nasal cavity (figs. 23—30). In anterior 
view, the external nares is roughly a trian¬ 
gular opening, with the premaxillae forming 
the two sides. In lateral view the deep pre¬ 
maxilla makes up most of the rostrum ante¬ 
rior to the infraorbital foramen in adult in¬ 
dividuals (figs. 25, 28), as in other gliroid 
mammals. In juvenile individuals the rostrum 
and the premaxilla are proportionally shorter. 
This suggests that the elongation of the ros¬ 
trum during postnatal ontogeny of Rhombo¬ 
mylus involves mostly lengthening of the 
premaxilla. The suture between the premax¬ 
illa and maxilla is simple and straight in 
young individuals (IVPP V7585; fig. 28, B) 
and gradually becomes complicated with ag¬ 
ing. In the oldest individual (IVPP V5278; 
fig. 28F) it is interdigitated. As a typical gli¬ 
roid feature, the posterior process of the pre¬ 
maxilla is well developed. It is as broad as 
the nasal and extends more posteriorly than 
the latter on the skull roof. The premaxilla- 
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Fig. 23. Dorsal view of the skull of Rhombomylus. Reconstruction is based mainly on an adult skull 
(IVPP V5278). 


frontal contact is complex, with small pro¬ 
jections of the premaxilla extending posteri¬ 
orly beyond the midpoint of the orbit, inter- 
digtating with similarly narrow anterior pro¬ 
jections of the frontal. 

Ventrally the premaxilla constitutes the an¬ 
terior half of the rostrum between the incisor 
and P3 (figs. 24, 27, 30) and contains the 
anterior portion of the incisive foramen. Lat¬ 
eral to the incisive foramen, the premaxilla 
commonly sends a small, pointed process to 
invade the palatal process of the maxilla that 
encloses the incisive foramen posteriorly 


(fig. 8). The incisive foramen is elongate and 
posteriorly positioned, a common condition 
seen in gliroid mammals. Its size is moderate 
compared to many rodents and all lago- 
morphs. The absolute size of the foramen 
and its distance from the incisor increase 
with age (fig. 30). The two incisive foramina 
are separated by the palatine processes (pre- 
vomerine processes) of the premaxillae, 
which form the entire medial division of the 
foramina and suture with the maxillae at the 
posterior edges of the incisive foramina. 
Within the nasal cavity, the palatine process 
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Fig. 24. Ventral view of the skull of Rhombomylus. Reconstruction is based mainly on an adult 
skull (IVPP V5278). 


of the premaxilla forms an elongated fossa 
that in life supports the Jacobson’s organ (see 
Cross Sections). 

Maxilla: The maxilla is a complex bone 
that contributes to the anterior and ventral 
edges of the orbit, forms the middle part of 
the palate, provides the posterior sidewall for 
the nasal cavity, accommodates the infraor¬ 
bital canal and all cheek teeth, and bears a 
strong zygomatic process (figs. 23—32). On 
the facial region, the maxilla is solid, show¬ 


ing no fenestration. It contacts the premaxilla 
medially and the frontal and lacrimal poste¬ 
riorly. The infraorbital canal is low in posi¬ 
tion and is wider than high (figs. 25, 28). The 
anterior opening of the canal, the infraorbital 
foramen, varies in size with age. In the oldest 
individual (IVPP V5278) it measures 3.8 mm 
in width and 2.4 mm in height, whereas in 
the youngest (IVPP V7585) it is 1.2 X 1 mm. 
With the exception of a faint groove leading 
anteriorly from the infraorbital foramen. 
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Fig. 25. Lateral view of the skull of Rhombomylus. Reconstruction is based mainly on an adult skull 
(IVPP V5278). 


there is no scar or depression on the ventral 
and lateral sides of the foramen for attach¬ 
ment of jaw muscle. The maxilla forms the 
anteroventral edge of a well-defined orbit 
and separates the lacrimal and jugal. The zy¬ 
gomatic process of the maxilla is strong and 
complex (figs. 25, 28, 32). It descends pos- 
teroventrally to a level lower than the lower 


tooth row of the mandible in occlusal posi¬ 
tion and is posterodorsally overlapped by the 
jugal. Distally the maxillary process branch¬ 
es into anteroventral and posteroventral pro¬ 
cesses (fig. 32). 

On the ventral side of the skull the palatal 
process of the maxilla is the largest compo¬ 
nent of the hard palate (figs. 24, 27). It en- 
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closes the posterior half of the incisive fo¬ 
ramen and ends immediately posterior to the 
M3. Anterior to the P4 there is a narrow an- 
teroposteriorly oriented depression of un¬ 
known function. This depression appears to 
be too medially positioned to serve as an at¬ 
tachment site for jaw muscle. The anterior 
portion of the maxilla-palatine suture is op¬ 
posite the Ml, but in young individuals it is 
more anteriorly located at the level between 
the dp3 and dp4 as in 1VPP V5280 (fig. 
30E). The lateral portion of the maxilla-pal¬ 
atine suture is straight and is medial to the 
molars. The palate is narrow. The tooth rows 
of the two sides are parallel. In ventral view 
the palatal process of the maxilla is gently 
concave. On each process, a narrow groove 
leads from a small anterior palatal foramen 
located near the maxilla-palatine suture and 
extends anteriorly in a curved course toward 
the incisive foramen. The posterior edge of 
the maxillary process of the zygoma is lateral 
to the Ml. 

The maxilla is a major element within the 
orbit, forming the floor and contributing to 
the medial wall (fig. 31). The orbital floor is 
large and flat, with roots of cheek teeth com¬ 
monly exposed. In young individuals, the M3 
germ is also visible in the maxillary floor of 
the orbit. The maxilla contributes to the an¬ 
terolateral wall of the lacrimal foramen. The 
posterior opening of the infraorbital canal is 
roofed by a thin bony lamina of the maxilla, 
which separates the canal from the lacrimal. 
Because of this bony lamina, the infraorbital 
canal extends a little more posteriorly than 
estimated externally. The posterior opening 
of the infraorbital canal is low and its floor 
is confluent with that of the orbit. The orbital 
process of the maxilla is broad and contacts 
the lacrimal anteriorly, frontal dorsally, and 
orbitosphenoid and palatine posteriorly. It 
prevents the contact between the palatine and 
the lacrimal and between the palatine and the 
frontal. At the junction with the palatine, 
there is a slitlike space, which is identified 
as the sphenopalatine foramen. 

Palatine: The palatine constitutes the pos¬ 
terior part of the hard palate, most of the roof 
and lateral wall of the choanal orifice, and 
part of the orbital wall (figs. 24, 27, 31). The 
palatal process is tongue-shaped, in which 
there are two pairs of small palatine foramina 


distributed asymmetrically. The larger, ante¬ 
rior palatine foramina are opposite Ml, 
whereas the posterior ones are medial to the 
M2. The posterior emargination of the palate 
is between the last molars and forms a nar¬ 
row arc with a weak postpalatine spine pro¬ 
jecting posteriorly at its midline. The poste¬ 
rior margin does not thicken ventrally to 
form the postpalatine torus. Neither a post¬ 
palatine foramen nor a notch exists at this 
area. As the pars perpendicularis of the pal¬ 
atine extends posteriorly, the choanal orifice 
gradually widens, particularly so in skulls of 
young individuals. The pars perpendicularis 
of the palatine contributes posteriorly as the 
pterygoid crest that forms the anteroventral 
portion of the ectopterygoid fossa (figs. 24, 
33). The ectopterygoid fossa is usually de¬ 
fined by the ectopterygoid crest of the ali- 
sphenoid laterally and the entopterygoid 
crest of the pterygoid medially in rodents and 
other mammals. 

The delimitation of the orbital process of 
the palatine is best seen in IVPP V5289. The 
ventral portion of the process is between the 
maxilla anterolaterally and the alisphenoid 
posteromedially, whereas the dorsal portion 
is between the maxilla anteroventrally and 
the orbitosphenoid dorsally. Its dorsal tip 
does not reach the level of the ventral edge 
of the optic foramen. As already mentioned, 
between the anterior portion of the palatine 
and maxilla is the slitlike sphenopalatine fo¬ 
ramen. 

Lacrimal: The lacrimal is best preserved 
in IVPP V5289 (figs. 26, 31). It is a small 
bone with only a narrow strip exposed on the 
facial region. The body of the lacrimal forms 
the anterior wall of the orbit dorsal to the 
posterior opening of the infraorbital canal. 
Within the orbit the lacrimal is surrounded 
by the frontal medially and by the maxilla 
ventrally and laterally. A large lacrimal fo¬ 
ramen notches the lateral margin of the bone 
and is closed laterally by the maxilla. There 
is no lacrimal tubercle. 

Jugal: The zygomatic arch of Rhombo- 
mylus is highly distinct in possessing a com¬ 
plex central plate that descends considerably 
below the ventral limit of the expanded mas¬ 
toid of the petrosal of the skull (figs. 25, 28, 
32). The large jugal bone is the main, central 
part of the specialized zygomatic arch. Its an- 
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terior half overlaps the robust zygomatic pro¬ 
cess of the maxilla and its posterior half ven- 
trally adjoins the zygomatic process of the 
squamosal. The jugal is transversely thinner 
than the zygomatic process of the maxilla 
and does not reach anteriorly to the lacrimal. 
On the anterior end of the jugal, a dorsal pro¬ 
cess projects posterodorsally to border the 
circular orbit, but does not meet the supra¬ 
orbital process of the frontal; therefore, the 
orbit is open posteriorly. Posteroventral to 
the dorsal process of the jugal there is a 
smooth trough of unknown function, which 
is best seen in the skull of the oldest indi¬ 
vidual in our collection (IVPP V5278). The 
main body of the jugal contributes to the dor¬ 
sal half of the central plate of the zygoma. 
The lateral surface of the plate is gently con¬ 
cave and is probably for attachment of the 
masseter muscle in life. The medial surface 
of the plate is smooth and gently convex. The 
central plate has two ventral processes, as has 
been mentioned in the description of the 
maxilla. The posterior one is longer than the 
anterior one and consists of two portions: the 
posteroventral process of the maxilla and the 
ventral process of the jugal. The posterior 
process of the jugal is the longest one and is 
dorsally overlapped by the zygomatic pro¬ 
cess of the squamosal; its posterior end forms 
the lateral wall of the glenoid fossa. The ven¬ 
tral edge of the posterior process is sharp, 
suggesting lack of attachment of muscle. 

Frontal: Compared to the parietals and 
nasals that also form the roof of the skull, 
the frontals are short, but are more complex 
in shape (figs. 23, 26, 29). Anteriorly each 
frontal has a tricontact with the nasal, pre¬ 
maxilla, and maxilla, ranging from the me¬ 
dial to lateral, which is typical of gliroid 
mammals. The frontal-maxillary suture is re¬ 
stricted and is the narrowest of the three con¬ 
tacts. Medially the anterior end of the frontal 
forms a blunt wedge that intrudes between 
the nasals. The interdigtal frontal-premaxil¬ 
lary suture is more extensive in skulls of 
adult individuals. This condition differs from 
the long, narrow anterior process of the fron¬ 


tal that inserts between the premaxilla and 
maxilla in lagomorphs; it also differs from 
the simple suture in early rodents such as Co- 
comys and Paramys. The frontal has a nar¬ 
row connection with the lacrimal in the facial 
region. The supraorbital crest is a sharp, rid¬ 
gelike crest forming the dorsal rim of the or¬ 
bit. The supraorbital process is a strong pos¬ 
terolateral projection of the frontal that con¬ 
fines the orbit posterodorsally. Because of 
the projected crest and process, the orbital 
cavity is very deep. On the posterior side of 
the supraorbital process the frontal is a 
broad, concave surface that continues to the 
anterior portion of the parietal. Along the 
midline of the skull, the medial portions of 
the frontals converge posteriorly to form a 
spike inserting between the parietals; the tip 
of the spike marks the beginning of the sag¬ 
ittal crest and the narrowest section of the 
skull roof, which we call the postorbital con¬ 
striction of the skull. The postorbital con¬ 
striction delimits the region where the olfac¬ 
tory lobes are housed. Its width changes very 
little during postnatal ontogeny. As shown in 
figure 26, the skull representing the youngest 
individual (IVPP V7585) is about half the 
length of the oldest skull (IVPP V5278), but 
in both skulls, and those of intermediate size, 
the postorbital constriction is of similar 
width. Using this region as a reference point, 
it seems that during postnatal ontogeny of 
Rhombomylus, skull reshaping occurs pri¬ 
marily in the facial region and the braincase 
for the cerebral cortex. 

The orbital process of the frontal is large 
and descends deeply to the level of the ven¬ 
tral rim of the optic foramen (fig. 31). It 
forms most of the dorsal midwall of the orbit. 
It meets with the lacrimal and maxilla ante¬ 
riorly, the maxilla ventrally, and the orbito- 
sphenoid and parietal posteriorly. The fron¬ 
tal-maxillary contact is the most extensive 
one. A small opening in the frontal antero- 
dorsal to the optic foramen is probably the 
ethmoid foramen. 

Parietal: The parietal is nearly half of the 
length of the skull, the longest bone in the 


Fig. 26. Dorsal views of skulls of Rhombomylus. Skulls are in relative ages from the youngest to 
oldest (IVPP V7585, V5280, V5288, V5289, V5293, V5278). 
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skull roof (figs. 23, 25, 26, 28), and roofs the 
entire cranial cavity. A sagittal crest extends 
along the full length of the parietals in adult 
skulls. As in several other features, the de¬ 
velopment of the sagittal crest is age depen¬ 
dent, ranging from none in very young (e.g., 
IVPP V7585; fig. 26A) to prominent in adult 
individuals (e.g., IVPP V5278; fig. 26F). The 
anterior borders of the parietals, at the nar¬ 
rowest region of the skull, are cleaved into 
two lobes by the posterior processes of the 
frontals. The broad, convex parietal spreads 
over the anterior and dorsal areas of the large 
temporal region. In the orbitotemporal re¬ 
gion, the parietal sutures with the frontal, or- 
bitosphenoid, alisphenoid, and squamosal. 
The ventralmost point of the parietal is at the 
triple junction with the alisphenoid and squa¬ 
mosal and marks the widest region of the pa¬ 
rietal. From this point the parietal narrows 
posteriorly. The longest contact of the pari¬ 
etal is with the squamosal. An unusual fea¬ 
ture on the roof of the skull is an exposure 
of the expanded mastoid of the petrosal be¬ 
tween the parietal and the squamosal (figs. 
23, 25, 26). The size of the exposure varies 
from specimen to specimen. The posterior 
edge of the parietal meets the interparietal 
process of the occipital, which forms the cen¬ 
tral lambdoidal crest. The parietal-squamosal 
suture does not reach the lambdoidal crest. 
Only a narrow process of the parietal, bear¬ 
ing the end of the sagittal crest, extends pos¬ 
teriorly to the edge of the lambdoidal crest; 
therefore, this projection bisects the interpa¬ 
rietal process of the occipital. 

Squamosal: The squamosal overlaps the 
petromastoid and parietal. It contributes to 
the sidewall of the cranial cavity, forms the 
glenoid fossa, and bears a long zygomatic 
process (figs. 23—28). In dorsal view, a tem¬ 
poral foramen is posterior to the root of the 
zygomatic arch. The base of the zygomatic 
process is a broad bony plate with a flat dor¬ 
sal surface that is bounded with a low ridge 
laterally. The ventral side of the plate is the 
glenoid fossa. The temporal plate of the 
squamosal is convex and constitutes the ven¬ 


tral area of the temporal region and part of 
the lateral wall of the braincase. The zygo¬ 
matic process of the squamosal is slender and 
stretches over the posterior half of the zy¬ 
gomatic arch. It overlaps the jugal in a bev¬ 
eling fashion so that the zygomatic process 
of the squamosal appears narrower laterally 
than medially; the reverse is true for the ju¬ 
gal. 

In lateral view, the squamosal tightly sur¬ 
rounds the dorsal side of the auditory meatus 
of the ectotympanic; a distinct suture shows 
that it is not fused with the ectotympanic. 
The squamosal does not contribute to the lat¬ 
eral wall of the epitympanic recess in the au¬ 
ditory region. This condition is further con¬ 
firmed by sectioned specimens (see below). 
Posterior to the auditory meatus, a triangular 
process of the squamosal wedges between 
the meatus and the expanded mastoid (figs. 
31, 34). 

On the ventral side of the skull the squa¬ 
mosal contacts the alisphenoid and ectotym¬ 
panic bulla, and posteroventrally with the 
mastoid of the petrosal (figs. 24, 33, 34). The 
glenoid fossa is broad, gently concave, and 
anteroposteriorly elongate. This architecture 
allows anteroposterior movement of the low¬ 
er jaw as well as some degree of lateral shift¬ 
ing of the mandibular condyle during mas¬ 
tication. The jugal borders the fossa laterally. 
A triangular lip of the squamosal forms most 
of the medial wall of the glenoid fossa, 
whereas the ectotympanic contributes to the 
posterior part of the medial wall of the fossa. 
As in rodents, when the cheek teeth are in 
occlusion, the mandibular condyle is at the 
midpoint of the glenoid fossa. When the low¬ 
er incisors are engaged with the uppers, the 
condyle is shifted to the anterior part of the 
fossa. When the condyle is shifted posteri¬ 
orly against the external auditory meatus, the 
ml trigonid will be against the Ml trigon so 
that full occlusion is not possible. The pos¬ 
terior end of the glenoid fossa is a socket, in 
which there is a foramen. The foramen is 
particularly large in IVPP V5263 and V5263. 
Although it appears to be unusual, the best 


Fig. 27. Ventral views of skulls of Rhombomylus. Skulls are in relative ages from the youngest to 
oldest (IVPP V7585, V5280, V5288, V5289, V5293, V5278). 
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Fig. 28. Lateral views of skulls of Rhombomylus. Skulls are in relative ages from the youngest to 
oldest (IVPP V7585, V5280, V5288, V5289, V5293, V5278). 


homolog of the foramen is the postglenoid 
foramen that transmits the external jugular 
vein in life. If our identification is correct, 
then one question is whether posterior move¬ 


ment of the mandibular condyle might affect 
the function of the blood vessel that goes 
through the foramen. By fitting the condyle 
to the glenoid foramen, we found the fora- 
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Fig. 29. Dorsal views of anterior skulls of Rhombomylus (IVPP V5288, V5275), showing the sutures 
between the nasal, premaxilla, and frontal. 


men in question is not blocked by the con¬ 
dyle, suggesting that the foramen probably 
contained a functioning blood vessel. There 
is no postglenoid process. The external 
acoustic meatus is elongated and blocks the 
glenoid fossa posteriorly; it could function as 
a postglenoid process. 

Presphenoid: The presphenoid is a spear- 
head-shaped bone, broad posteriorly and nar¬ 
row anteriorly (figs. 24, 27, 33). With a faint 
ventral keel, it projects ventrally along the 
median line of the dorsal roof of the cavum 
defined laterally by the pterygoid. It sutures 
with the pterygoid laterally and overlaps the 
basisphenoid posteriorly. Its anterior exten¬ 
sion cannot be surely estimated in all speci¬ 
mens, but it may reach the level of the pos¬ 
terior edge of the M3. 

Pterygoid: Lateral to the presphenoid the 
dorsal portion of the pterygoid is narrow. 
The main component of the pterygoid is the 
vertical process (figs. 24, 27, 33). The ante¬ 
rior part of the vertical process overlaps the 


medial side of the pars perpendicularis of the 
palatine, whereas the posterior part stands as 
the entopterygoid crest. The pterygoid ham¬ 
ulus extends posteriorly to meet an anterior 
projection of the bulla at its anteroventral 
corner. The hamulus is relatively thick com¬ 
pared to the slim process in most other mam¬ 
mals. Dorsal to the bridge is a large opening 
through which the anterior aperture of the 
Eustachian tube between the bulla and the 
alisphenoid is visible (figs. 24, 33). 

Basisphenoid: The basisphenoid is short 
and lies between the anterior halves of the 
two bullae. Anteriorly it contacts the ptery¬ 
goid, and the suture between the two ele¬ 
ments is ventrally overlapped by the poste¬ 
rior base of the presphenoid (figs. 24, 33A). 
Anterior to the opening of the Eustachian 
tube, the basisphenoid has a narrow contact 
with the alisphenoid as well as the petrosal 
process that roofs the opening of the Eusta¬ 
chian tube. The basisphenoid borders with 
the basioccipital posteriorly. The lateral edg- 
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Fig. 30. Ventral views of the rostra of Rhombomylus (IVPP V5278, V5293, V5289, V5280, V7585), 
showing the conditions of the incisive foramen, premaxilla-maxillar suture, and shape of the diastema 
in individuals of different ages. 


es of the basisphenoid and basioccipital are 
weakly ridged, confining a shallow, longitu¬ 
dinal valley along the central axis of these 
bones. Between the basisphenoid and the 
bullar wall there is a slit, which was previ¬ 
ously identified as the foramen for the inter¬ 
nal carotid canal (Li and Ting, 1985). Further 
preparations of several specimens show that 
the slit is blind. 

Orbitosphenoid: The orbitosphenoid at 
the center of the orbital region (fig. 31) con¬ 
tacts the maxilla and frontal anteriorly, the 
frontal and parietal dorsally, the palatine ven- 
trally, and the alisphenoid posteriorly. Its 
contact with the frontal is the most extensive. 
The optic foramen is large and lies in the 
center of the orbitosphenoid. The foramina 
of both sides are confluent with each other. 
Posteroventrally the orbitosphenoid forms 
the medial wall of the large sphenorbital fis¬ 


sure, which is laterally walled by the ali¬ 
sphenoid. In IVPP V5289 (fig. 31), an arti¬ 
ficial opening exists posteroventral to the op¬ 
tic foramen in the orbitosphenoid. 

Alisphenoid: The alisphenoid is a com¬ 
plex bone bordering with several elements in 
the orbitotemporal region (figs. 24, 28, 31). 
In lateral view, the alisphenoid forms the lat¬ 
eral wall of a large sphenorbital fissure; the 
anterior margin of the alisphenoid is notched 
at the fissure. Dorsal to the notch the ali¬ 
sphenoid extends anterodorsally to contact 
the orbitosphenoid and parietal, but is sepa¬ 
rated from the frontal by the orbitosphenoid- 
parietal connection. Ventral to the notch the 
alisphenoid joins the palatine lateral to the 
sphenorbital fissure. The alisphenoid contacts 
the squamosal posterodorsally and the bulla 
posteroventrally. The posterior border of the 
alisphenoid is a wedge, which inserts be- 
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Fig. 31. Stereoscopic view of the lateral orbital and temporal regions of Rhombomylus (IVPP 
V5289). 


tween the squamosal and the ectotympanic 
bulla. The contact with the squamosal is me¬ 
dial to the anterior half of the glenoid fossa 
formed by the squamosal; the alisphenoid 
does not contribute to the fossa. Within the 
triangular process of the alisphenoid is the 


elliptical foramen ovale that faces ventrolat- 
erally. Immediately medial to the foramen 
ovale a foramen of the same size penetrates 
the posterior portion of the ectopterygoid 
crest of the alisphenoid. This foramen was 
called the foramen ovale accessorius (Li and 
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Fig. 32. Lateral view of the zygomatic arch of Rliombomylus (IVPP V5289). 


Ting, 1985), a term coined by Wahlert 
(1974). However, Wahlert defined the fora¬ 
men ovale accessorius as the opening lateral 
to the foramen ovale. The foramen in ques¬ 
tion is not the alisphenoid canal because the 
latter is usually situated anterior to the fora¬ 
men ovale and runs for at least a short dis¬ 
tance within the alisphenoid. We therefore 
tentatively called the foramen in question the 
medial foramen ovale. The ectopterygoid 
crest of the alisphenoid is a large lamina, 
gently concave on the medial surface and 
convex on the lateral surface. It constitutes 
the lateral wall of the ectopterygoid fossa. In 
ventral view, the alisphenoid has contacts 
posteriorly with the ectotympanic bulla and 
the petrosal process that forms the roof of the 
Eustachian tube. Medially, it has a narrow 
suture with the basisphenoid and a broad 
contact with the pterygoid. The ectoptery¬ 
goid crest joins the palatine anteriorly. 

Occipital: The occipital forms the most 
posterior portion of the skull (figs. 24, 27, 


33—36). Ventrally, the trapezoidal basioccip- 
ital is quite long and adjoins the basisphenoid 
anteriorly at the level about a third of the 
bulla length from its anterior end. Laterally, 
the basioccipital borders the ectotympanic 
bulla anteriorly and the mastoid of the petro¬ 
sal posteriorly. The slitlike jugular foramen 
lies between the basioccipital and the mas¬ 
toid immediately posterior to the bulla-mas¬ 
toid suture. The surface of the trapezoidal 
process bears a weak median ridge, on both 
sides of which are flat areas presumably for 
attachment of the rectus capti muscle. The 
paracondylar process of the occipital abuts 
the expanded mastoid posteriorly, forming 
the posterior extremity of this region and 
thickening to form a columnlike structure. 
The ventral surface of the paracondylar pro¬ 
cess is a semicircular, concave area. This 
concave area is probably for attachment of 
the diagastric muscle, or part of it. The rest 
of the muscle may also reach to the medial 
side of the expanded mastoid process, which. 
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in contrast to the lateral convex part, is con¬ 
cave. The paracondylar process and the ven¬ 
tral lobe of the occipital condyle confine a 
deep trough, the ventral condyloid fossa. At 
the anteromedial end of the fossa lies the hy¬ 
poglossal foramen. The ventral lobes of the 
occipital condyle are broad and gently con¬ 
vex. The intercondyloid incisure between the 
two condyles is gently concave. 

In occipital view, the supraoccipital is 
fused to the rest of the occipital in all spec¬ 
imens, with the exception of IVPP V7585, 
which represents the youngest individual of 
Rhombomylus. In IVPP V7585 the supraoc¬ 
cipital is separated from the rest of the oc¬ 
cipital by distinct sutures. The supraoccipital 
is a large, pentagonal, and concave bony 
lamina. It has an interparietal process that is 
exposed on the roof of the skull and consti¬ 
tutes the central part of the lambdoidal (nu¬ 
chal) crest. The center area of the crest is 
concave anteriorly and intersects the poste¬ 
rior end of the sagittal crest; the parts lateral 
to the sagittal crest follow a gentle biconvex 
curvature. In posterior view the suture be¬ 
tween the occipital and the eminence of the 
mastoid is definite. The trough between the 
ventral paracondyloid process and the occip¬ 
ital condyle continues to the posterior side of 
the occipital region between the condyle and 
the paroccipital process. The foramen mag¬ 
num is oval shaped. 

Ectotympanic: The auditory region is 
characterized by a fully developed bulla and 
an expanded mastoid of the petrosal (figs. 24, 
25, 27, 28, 33-36), which is unique in early 
gliroid froms. The bulla is expanded and 
completely encloses the tympanic cavity ven- 
trally. Its delimitation with other cranial el¬ 
ements can be determined by sutures. The 
bulla fuses with the expanded mastoid of the 
petrosal posteriorly in adults, but in young 
individuals (e.g., IVPP V5289, V5280, 
V7585) it is distinct. The external morphol¬ 
ogy of these specimens and the crosssections 
from others (see below) show that the bulla 
is formed by one element, the ectotympanic. 
In anterior view, the dorsal rim of the bulla 
is notched by the anterior opening of the 
Eustachian tube. The roof of this opening is 
formed by a small, flat process of the petro¬ 
sal. The anteroventral point of the bulla de¬ 
velops a short process (“horn” of the bulla. 


fig. 33). In young individuals, the process is 
weak but the hamulus-bulla sutural connec¬ 
tion is complete. In adults, the connection be¬ 
comes robust. 

The lateral aspect of the bulla is marked 
by the external auditory canal. The canal is 
short in juvenile skulls and is elongated and 
extended posterolaterally in adults. The canal 
blocks the glenoid fossa posteriorly and 
probably functions as the postglenoid pro¬ 
cess. At the posteromedial corner of the bul¬ 
la, a small foramen, ventral to the jugular 
foramen and completely within the ectotym¬ 
panic, is probably the stapedial foramen, but 
the small size suggests that it may not have 
contained any functional blood vessel in 
adult life. The carotid foramen is lost in 
Rhombomylus. The ectotympanic contributes 
to the posterior half of the medial wall of the 
glenoid fossa; a concave area is thus formed 
on the anterodorsal side of the basal external 
auditory meatus. The bony canal tightly joins 
the squamosal. Internally, the bulla does not 
have bony septa, in contrast to the partitioned 
mastoid space. 

Petromastoid: The petromastoid is a 
complex bone that provides accommodations 
for the middle and inner ear, allows passages 
of several cranial nerves and vessels, and 
forms a large part of the sidewall of the 
braincase (figs. 24, 25, 27, 28, 33—39). Some 
internal structures of this complex are re¬ 
vealed in cross-sections (see below). At the 
basicranial region, the expanded mastoid is a 
prominence that connects with the ectotym¬ 
panic bulla posteriorly. Between the mastoid 
and the external auditory meatus, there is a 
transverse depression in which the stylomas¬ 
toid foramen that transmits the facial nerve 
is located. Externally, this portion of the 
mastoid appears to be a posterior extension 
of the bulla. However, the inflated mastoid is 
not considered to be part of the bulla because 
it does not enclose the middle tympanic cav¬ 
ity. Internally, the tympanic cavity enclosed 
by the bulla is well separated from the mas¬ 
toid cavity by a septum, although the two 
spaces are confluent through an opening. The 
mastoid is abutted posteriorly by the para¬ 
condylar process of the occipital. In young 
individuals, the mastoid inflation is not sig¬ 
nificant in comparison with the bulla. It ap- 
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Fig. 33. Stereoscopic views of ventral basicranial regions of Rhombomylus (IVPP V5289. V5281). 
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Fig. 34. Stereoscopic view of the ventrolateral basicranial region of Rhombomylus (IVPP V5289). 


pears that the mastoid increases its size with 
age at a greater rate than does the bulla dur¬ 
ing postnatal ontogeny of Rhombomylus. 
Consequently, the inflated mastoid can be as 
long as, or even longer than, the ectotym¬ 
panic bulla in adult individuals. 

The expanded mastoid accounts for a large 
portion of the region on the lateral side of 
the skull, posterior to the squamosal (figs. 25, 
28, 34). The convex surface of the mastoid 
forms the posterior edge of the skull. The 


mastoid is also extensively exposed as a 
blunt triangular projection in the occipital re¬ 
gion of the skull. The mastoid foramen is 
posterior to the squamosal-mastoid suture at 
the level of the temporal foramen. Because 
of its dorsal extension, a patch of the mastoid 
is exposed on the roof of the skull between 
the squamosal and the parietal. Internally, the 
massive mastoid consists of numerous sinus¬ 
es partitioned by bony septa (figs. 36—38). 
The expansion of the petromastoid is not 
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Fig. 35. Stereoscopic view of the occipital region of skull of Rhombomylus (IVPP V5281). 


only external, but also occurs within the cra¬ 
nium (see below). 

Morphologies of the tympanic cavity and 
middle ear are observed primarily from IVPP 
V5262, V5263, V7586 V7494, V5265 (figs. 
36-40) and V5264 (not illustrated). These 
are basicranial specimens with broken bulla 
or isolated petrosals. Although the mastoid 
region shows a complex of septa and sinuses, 
the tympanic cavity, where the middle ear is 
located, is rather normal. The center structure 
within the cavity is the promontorium, which 
houses the cochlear canal. The promonto¬ 
rium is somewhat inflated as compared to 
some primitive forms such as leptictids (No- 
vacek, 1986b) and other insectivores 
(MacPhee et al., 1988). The inflation may be 
attributed to two factors: increase in spiral 
turns of the cochlear canal and change in ori¬ 
entation of the cochlea. The inflation of the 
promontorium of Rhombomylus appears to 


be due to both factors, although the orienta¬ 
tion probably plays a major role. The co¬ 
chlear canal spiraling around a nearly hori¬ 
zontal axis pointing anterolaterally can be 
detected from IVPP V5262, in which a break 
at the surface of the promontorium reveals 
the cochlear canal (fig. 38). About two full 
turns of the cochlear canal are estimated for 
Rhombomylus. Because of the orientation, 
the ventral surface of the promontorium dis¬ 
plays two swellings, separated by a saddle- 
shaped trough (figs. 36, 37). The anterior one 
contains the main part of the cochlear canal, 
whereas the posterior part lodges the basal 
cochlear canal and part of the vestibule. The 
posterior part of the promontorium, as a gen¬ 
eral rule in mammals, bears two landmark 
openings: the fenestra vestibuli laterally and 
the fenestra cochleae posteriorly. The fenes¬ 
tra vestibuli (oval window or fenestra ovalis) 
is large, oval-shaped, and located in a pocket. 
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The fenestra cochleae (round window or fe¬ 
nestra rotunda) has its long axis oriented 
nearly vertically. The ventral surface of the 
promontorium displays no sulcus or bony ca¬ 
nal, suggesting absence of the carotid and 
stapedial artery. This is consistent with a mi¬ 
nute stapedial foramen at the posteromedial 
corner of the bulla. Additional morphology 
of the inner ear is revealed in sectioned spec¬ 
imens (see below). 

The anterolateral roof of the tympanic cav¬ 
ity is formed by the tegmen tympani of the 
petrosal, on which the tensor tympani fossa 
is broad and concave. The tensor tympani 
fossa is separated from a medial fossa by a 
bony ridge containing the canal for the great¬ 
er petrosal nerve. In IVPP V7586 the same 
area is a large opening, which may have been 
created by preparation. An opening in this 
region is possibly the piriform fenestra. On 
the medial side of the promontorium, there 
is a broad, gently concave area formed by 
fusion of the petrosal and the folded ectotym- 
panic. Immediately anterolateral to the pro¬ 
montorium is the tympanic opening of the 
canal for the facial nerve. There is no clear 
evidence that the facial nerve was contained 
in a bony canal. The exit of the facial nerve, 
the stylomastoid foramen, however, is locat¬ 
ed posterior to the base of the external au¬ 
ditory meatus at the junction of the bulla and 
the mastoid. This condition is similar to 
some rodents where the external auditory 
meatus is elongated, such as Tsaganomys 
(Bryant and McKenna, 1995), and suggests 
that the facial nerve is probably contained in 
a bony canal within the tympanic cavity. On 
the lateral side of the promontorium is the 
epitympanic recess. Unlike the normal mam¬ 
malian condition, in which the recess is a 
shallow fossa, in Rhombomylus it is deeply 
pocketed in the expanded mastoid. This in¬ 
dicates that the malleus and incus were prob¬ 
ably partly suspended in the expanded recess. 
The lateral side of the recess is floored by 
the lamina of the ectotympanic that forms the 
external auditory meatus and holds the dorsal 
part of the eardrum in life. The squamosal 
does not contribute to the lateral wall of the 
epitympanic recess. In IVPP V7586, a poorly 
preserved incus is in the epitympanic recess. 
Lateral to the epitympanic recess is the ex¬ 
ternal auditory meatus, which is smoothly 
walled and has a narrow diameter compared 


to the inflated bulla. A small fossa for the 
stapedius muscle is defined by the gyrus of 
the lateral semicircular canal posterolateral to 
the fenestra cochleae. Further posteriorly the 
tympanic cavity is confluent with the ex¬ 
panded mastoid cavity. 

The cranial side of the petromastoid forms 
a large part of the sidewall for the cranial 
cavity. The subarcuate fossa is moderate. 
Ventral to it is the internal auditory meatus. 
The two openings for the seventh and eighth 
cranial nerves are separated by a transverse 
crest. The semicircular canals are seen in 
crosssections and in IVPP V5265, V5263, 
and V7494. In the latter specimens the bone 
containing the canals and surrounding the su¬ 
barcuate fossa was peeled off, revealing en- 
docasts of the canals and the ampullae. The 
endocasts of the posterior and lateral canals 
are completely displayed, whereas that of the 
anterior is partially visible in IVPP V5265 
and only the anterior and posterior canals are 
exposed in IVPP V5263. The three canals are 
completely exposed in IVPP 7494 (figs. 37, 
39, 40). Although the petromastoid is ex¬ 
panded, the inner ear, including the semicir¬ 
cular canals, remains normal. The three 
semicircular canals are oval in shape and are 
different in size. The anterior semicircular 
canal is the largest of the three; the maximum 
diameter of its loop is 3.2 mm. The lateral 
canal is the smallest, with a loop diameter of 
2.1 mm, whereas that of the posterior semi¬ 
circular canal measures 2.7 mm. The diam¬ 
eter of each canal is about 0.3—0.4 mm. The 
anterior and the posterior canals are nearly 
vertical and the lateral one is horizontal in 
orientation. The plane of each semicircular 
canal is nearly perpendicular to those of the 
other two. The plane of the anterior canal is 
oriented in a direction anterolaterally and 
that of the posterior one anteromedially. The 
three canals surround the space of the subar¬ 
cuate fossa. As in other mammals, such as 
some early therians (Meng and Fox, 1995), 
the gyrus of the anterior canal forms the pos¬ 
terior rim of the subarcuate fossa and that of 
the lateral one surrounds the fossa for the 
stapedius muscle. Posteriorly, the anterior ca¬ 
nal joins the anterior section of the posterior 
canal to form the crus commune. The ante¬ 
rior and lateral ampullae are at the lateral 
side of the vestibule, with that of the lateral 
one being more ventrally located and there¬ 
fore closer to the fenestra vestibuli. The me- 
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Fig. 36. Stereoscopic view of ventral basicranial and middle ear regions of Rhombomylus (IVPP 
V7586). The ectotympanic bulla was broken. 


dial end of the lateral semicircular canal joins 
the vestibule immediately dorsal to the pos¬ 
terior ampulla, at the position posterior to the 
fenestra cochleae. 

Cross Sections of Skull 

There are several methods of observing 
cranial morphology enclosed by bone. These 
include X-radiographs (Meng and Fox, 1995; 


Fox and Meng, 1997), computer tomograph¬ 
ic scan (Luo and Ketten, 1991), and serial 
sections (Kielan-Jaworowska et al., 1986; 
Allin, 1986; Novacek, 1986b; Graybeal et 
al., 1989; Hurum, 1994, 1998a, 1998b). X- 
radiographic pictures are two-dimensional, 
and computer tomographic scans are still un¬ 
able to produce sharp images of detailed 
structures in complex systems such as the ear 
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Fig. 37. Stereoscopic view of the lateral aspect of the ear region of Rhombomylus (IVPP V5263). 
The bulla was broken. 


region of small fossil mammals. Serial sec¬ 
tions can provide better images at the ex¬ 
pense of the specimens. For taxa that are rep¬ 
resented by many specimens, such as Rhom¬ 
bomylus, serial sections are a useful method 
to generate important information on fine 
cranial structure usually unobservable using 
conventional methods. 

Previous studies using the above tech¬ 
niques focus primarily on early mammals or 
close relatives of mammals. Few such studies 
have been done in exploring early eutherian 
mammals and, consequently, we know very 


little about the internal anatomy, such as the 
nasal cavity, in early eutherians. Recognizing 
the importance of the internal morphology of 
the mammal skull as a source of phyloge¬ 
netic data and the lack of information in this 
region, some workers (Moore, 1981; Nova- 
cek, 1993b) have encouraged effort for more 
serial sectional studies in comparative study 
of the internal structures of mammal skulls. 
Except for a preliminary study conducted by 
Ting and Li (1984), our study is the most 
detailed serial study of a basal gliroid mam¬ 
mal skull, which focuses on the nasal cavity 
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Fig. 38. Stereoscopic view of the internal braincase and ear region of Rhombomylus (IVPP V5262). 


and braincase, including the auditory region. 
We hope that sectional morphologies of 
Rhombomylus will be useful not only in un¬ 
derstanding the skull morphology of early 
gliroid mammals, but also in providing a ba¬ 
sis for future comparative study with sec¬ 
tioned and CT-scanned specimens of other 
mammals. 

Nasal Cavity: The nasal cavity in mam¬ 
mals makes up the first part of the respiratory 
pathway and provides the distribution area 
for the peripheral olfactory apparatus 
(Moore, 1981). During its passage through 
the cavity, inspired air is moistened, cleaned 
of coarse particulate matter, subjected to ol¬ 
factory analysis, and warmed. Except for 
some specialized groups, such as cetaceans 
in which highly specialized respiratory 
mechanisms prevail, the basic pattern of the 
nasal cavity is relatively conservative in most 


mammals. The structure of the nasal cavity 
in gliroid mammals is similar to those of oth¬ 
er mammals, even though the rostrum of the 
skull in gliroid mammals has undergone con¬ 
siderable modification related to the special¬ 
ized mastication. As shown in the guinea pig 
(Cooper and Schiller, 1975) and other ro¬ 
dents and lagomorphs, the floor of the nasal 
cavity is formed by the hard palate and the 
roof primarily by the nasal and frontal bones. 
Other skeletal elements in the lateral wall of 
the nasal cavity include the premaxilla, max¬ 
illa, palatine, and frontal, which are overlain 
on their medial surfaces by the lateral mass 
of the ethmoidal labyrinth, nasoturbinal, and 
maxilloturbinal. The cavity consists of the 
right and left fossae separated by a median 
septum that is bony in its posterior part but 
cartilaginous anteriorly. Posteriorly, the cav¬ 
ity ends at the paired posterior nasal aper- 
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Fig. 39. Stereoscopic view of internal side of ear region and braincase of Rhombomylus (IVPP 
V5263). 


tures. The area of mucous membrane is 
greatly increased in mammals by the for¬ 
mation of scroll-like bony plates, the turbi- 
nals, which project into the lumen of the na¬ 
sal cavity from its lateral walls. 

Cross sections of the nasal cavity of 
Rhombomylus are based on IVPP V7488, 
whereas frontal and longitudinal sections are 
based on IVPP V7492. The cross sectioning 
starts at the level near the anterior end of the 
incisive foramen (figs. 41, 42). At this level 
the contour of the rostrum is nearly circular, 
and the nasal cavity is roofed by the nasals, 
walled and floored by the premaxillae, and 
divided into two symmetrical halves by the 


vomer. The nasal is thick and has its lateral 
side bent ventromedially. The bent side is 
deep and contacts the dorsomedial portion of 
the maxillae in a flat surface-to-surface con¬ 
junction. This contact appears too weak to 
keep the nasal in anatomical place so that the 
nasals were pushed ventrally into the nasal 
cavity during preservation. A ventral ridge is 
formed along the medial line of the nasals 
and divides the dorsal region of the nasal 
cavity into two symmetrical, semicircular ar¬ 
eas in crosssection. As this configuration 
continues posteriorly, the bent side of the na¬ 
sal gradually straightens in keeping with the 
expansion of the nasal cavity. In section 12 
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Fig. 40. Peeled petrosal showing casts of the inner ear of Rhombomylus (IVPP V5265, V7494). aa, 
anterior ampulla; asc, anterior semicircular canal; cc, crus commune; fc, fenestra cochleae; fv, fenestra 
vestibuli; iam, internal acoustic meatus; la, lateral ampulla; lsc, lateral semicircular canal; pa, posterior 
ampulla; pm, promontorium; psc, posterior semicircular canal; and saf, subarcuate fossa. 


(fig. 42), the bent side of the nasal is sand¬ 
wiched by a turbinal lamella ventrally and by 
the maxilla dorsally. The nasals are excluded 
from the nasal cavity by the frontal bone in 
section 14 and posterior ones (fig. 42). The 
entire inner surface of the nasal is smooth 
and there is no sign of pneumatization. 

The sidewall of the nasal cavity is formed 


by the premaxilla that contains the incisor. 
The cross section of the alveolus of the in¬ 
cisor is oval. The incisor ends in the maxilla 
at sections 10 and 11. On the anterior floor 
of the cavity, the passage of the incisive fo¬ 
ramen is defined by the premaxilla anteriorly 
and is partly joined by the maxilla posteri¬ 
orly. In forming the lateral wall of the inci- 
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Fig. 4E Cross sections through anterior and posterior nasal cavity (IVPP V7488) of Rhombomylus, 
showing internal structures of the cavity, dll, dorsolateral lamina of the Jacobson’s fossa; ec-1, ectotur- 
binal 1; ec-2, ectoturbinal 2; ec-3, ectoturbinal 3; en-I, endoturbinal I; en-II, endoturbinal II; en-III, 
endoturbinal III; en-IV. endoturbinal IV; fr, frontal; if, incisive foramen; jf, Jacobson’s fossa, mx, maxilla; 
na, nasal; pm, premaxilla; pmx, palatine process of maxilla; ppm. palatine process of premaxilla; tl, 
transverse lamina; and vo, vomer. See text for discussion. 
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Fig. 42. Cross (coronal) sections through the rostrum of Rhombomylus (IVPP V7488), showing 
internal structures of the nasal cavity. The sequence of sections is indicated in the figure at the lower 
right corner (the specimen is not the one that was cut). Among a total of 38 sections, only 25 are 
illustrated. The number between brackets indicates the original position in the cutting sequence, et, 
ethmoturbinals; fol, fossa for olfactory lobe; fpv, footplate of vomer; mns, median nasal septum; and 
tl, transverse lamina. See text for discussion. 




2003 


MENG ET AL.: RHOMBOMYLUS 


75 


sive foramen, the premaxilla has a complex 
suture with the maxilla (sections 2—4; fig. 
42), contrasting sharply to the smooth con¬ 
tact between the nasal and maxilla in the roof 
of the nasal cavity. The palatine processes of 
the premaxillae (prevomerine process of the 
premaxilla of Novacek, 1985) form the me¬ 
dial separation of the incisive foramen (sec¬ 
tions 1—3; fig. 42). The processes from both 
sides are separated by a suture. The body of 
the process is a hollow structure with a tri¬ 
angular crosssection. Two thin lamellae are 
developed longitudinally along the dorso- 
medial and dorsolateral edges on the palatine 
process of the premaxilla. The dorsolateral 
lamella is significantly higher than the me¬ 
dial one (as seen particularly in sections 2 
and 3; fig. 42). The space defined by the two 
lamellae, C-shaped in cross section, accom¬ 
modates the Jacobson’s capsule formed by 
the paraseptal cartilage in life; the capsule in 
turn houses the Jacobson’s organ. We term 
the osseous space as the Jacobson’s fossa and 
the projected laminae as the dorsomedial and 
dorsolateral processes of the Jacobson’s fos¬ 
sa. These structures correspond to the shape 
of the Jacobson’s capsule and organ (see dis¬ 
cussion below) and therefore can be used to 
estimate the size and shape of the latter. The 
morphologies and relationships of the fossa 
to other elements, such as the maxilla, are 
similar to those of other mammals, such as 
marsupials, as illustrated by Goodrich (1930: 
fig. 404). From section 3, the medial wall of 
the incisive foramen is partially intruded by 
a slim palatine process of the maxilla, which 
abuts the ventral side of the posterior palatine 
process of the premaxilla. Posterior to sec¬ 
tion 3, the premaxillary process reduces its 
size and finally fades away in section 5. 
From section 6 on, the floor of the nasal cav¬ 
ity is primarily formed by the maxilla. A 
maxillary sinus is first developed ventral to 
the incisor (section 6 and posterior ones) and 
then expands into the maxilla (section 6; fig. 
42). Only part of the palatine process of the 
maxilla is preserved, primarily on the left 
side, which forms the ventrolateral wall of 
the posterior nasal cavity. In sections 14—16, 
alveoli for the left Ml can be seen. 

The lower part of the anterior nasal cavity 
is longitudinally divided into two halves by 
the vomer that is located along the median 


line dorsal to the suture between the palatine 
processes of the premaxillae. Anteriorly, the 
vomer has a pointed ventral tip in cross sec¬ 
tion and two narrowly separated wings of 
thin bone that extend dorsally and are almost 
parallel to each other to give the vomer the 
shape of a tuning fork. The vomer increases 
its height posteriorly and, in section 5, a flat 
footplate is developed at its ventral end, and 
the profile of the vomer then takes the shape 
of a “champagne-glass” (fig. 42). The foot¬ 
plate of the vomer first stands on the very 
posterior end of the palatine processes of the 
premaxillae and then entirely on the maxilla 
posteriorly. Starting from section 8, the shaft 
of the “champagne-glass”-shaped vomer 
disappears and the body of the vomer is sep¬ 
arated from the foot and is suspended in the 
nasal cavity. This morphology is confirmed 
in the longitudinal sections in figure 43. 

The bony turbinals in the two sectioned 
specimens (IVPP V7488, V7492) appear in¬ 
tact (figs. 41, 44). The configurations of the 
scroll-like structures, formed by extremely 
thin bony lamellae, suggest the bony turbi¬ 
nals are in their original shape and position. 
The maxilloturbinal is not surely detected in 
the cross-sectioned specimen but is probably 
revealed in the longitudinal and frontal sec¬ 
tions (figs. 43, 44; see below). The antero- 
romost portion of the nasoturbinal is repre¬ 
sented by a simple lamella at the position 
above the incisive foramen in the right side 
of the nasal cavity (fig. 42). The ethmotur- 
binals are well developed and are shown 
symmetrically in two sides of the nasal cav¬ 
ity. The anterior ends of the ethmoturbinals 
extend to the level near the end of the incisor. 
These parts of the ethmoturbinals are sus¬ 
pended in the nasal cavity, showing no con¬ 
nection with any surrounding structures. Al¬ 
though the anterior ethmoturbinals on each 
side of the cavity remain roughly as one unit, 
they already show a complex inrolling pat¬ 
tern of bony lamellae. The two masses of 
ethmoturbinals are also separated by the me¬ 
dian vomer, which does not have any contact 
with the ethmoturbinals until the level of sec¬ 
tion 14. In section 14 and subsequent ones 
the ethmoturbinals project medially into the 
lumen of the nasal cavity from the lateral 
ethmoidal plate; each ethmoturbinal consists 
of a thin lamella that is plicated and under- 


76 


BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY 


NO. 275 



Fig. 43. Longitudinal (sagittal) sections through the rostrum of Rhombomylus (IVPP V7492), show¬ 
ing internal structures of the nasal cavity. The sequence of sections is shown in the figure at the lower 
right corner (the specimen therein is not the one that was cut). A total of 15 sections were made and 7 
of them are illustrated. The number between brackets indicates the original position in the cutting 
sequence, aui, alveolus for upper incisor (dI2); cbp, cribriform plate; en-II, endoturbinal II; en-III. 
endoturbinal III; en-IV, endoturbinal IV; et, ethmoturbinals; fol, fossa for olfactory lobe; fr, frontal; mns, 
median nasal septum; mx, maxilla; mxt, maxilloturbinal; na, nasal; npm, nasophryngeal meatus (lower 
compartment of the nasal cavity); peo, posterior extension of olfactory region; pm. premaxilla; svo, 
stem of the vomer; svo, stem of vomer; tl, transverse lamina; ucn, upper compartment of the nasal 
cavity; and wvo, wing of the vomer. 
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Fig. 44. Frontal (horizontal) sections through the rostrum of Rhombomylus (IVPP V7492), showing 
internal structures of the nasal cavity. The sequence of sections is shown in the figure at the lower right 
corner (the specimen is the left side of the same skull in fig. 43). A total of 15 sections were made and 
11 of them are illustrated. The number between brackets indicates the original position in the cutting 
sequence, cbp, cribriform plate; dI2, second upper deciduous incisor; en-I, endoturbinal I; et, ethmotur- 
binals; fol, fossa for olfactory lobe; ifc, infraorbital canal; mx, maxilla; na, nasal; pm, premaxilla; rMl, 
roots of Ml; tl, transverse lamina; and wvo, wing of the vomer. 


goes branching and inrolling to form olfac¬ 
tory folds. Because of the complicated folds, 
sediment did not fill the spaces surrounded 
by the lamellae during fossilization, leaving 
some empty spaces in the ethmoturbinals. As 
in extant mammals (extensively described by 


Paulli, 1900a, 1900b, 1900c; summarized by 
Moore, 1981, and more recently by Novacek, 
1993b), the ethmoturbinals are arranged 
roughly into two rows. One row consists of 
the turbinals that extend medially close to the 
nasal septum in the center of the cavity and 
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are called endoturbinals; the other row com¬ 
prises ectoturbinals that end more laterally. 
Four endoturbinals are recognized, as shown 
in sections 17 and 18 (figs. 41B, 42). A dis¬ 
tinct feature in Rhombomylus is division of 
the stem lamella of endoturbinal II into two 
branches that inroll in opposite directions: 
the ventral branch curving dorsally and the 
dorsal one ventrally. In contrast, endoturbin¬ 
als 111 and IV inroll only dorsally. There are 
only a few ectoturbinals, and their number 
varies at different regions: two or three are 
found between endoturbinals 1 and II, one 
between II and III, and none between III and 
IV. The lamellae are distributed in such a pat¬ 
tern that their density in cross section appears 
to be even. In other words, the olfactory in¬ 
terspace between any two lamellae is not 
overly packed or spaced. This suggests an 
even distribution of the olfactory epithelium 
that may function most efficiently. 

Another structure seen in section 14 and 
subsequent ones is the transverse lamina. The 
description of this structure and the interpre¬ 
tation of its function in mammals by Moore 
(1981: 244-245) precisely fit to the structure 
observed in Rhombomylus : 

In many macrosmatic species the more posterior eth- 
moturbinals are located within a recess formed by a 
horizontal shelf of bone, the transverse lamina. This 
is made up of two plates, ossifying in the posterior 
lamina transversalis, which project medially from the 
lateral ethmoidal plates of each side to articulate with 
the wings projecting laterally from the vomer. It thus 
divides the nasal cavity posteriorly into upper and 
lower compartments. The upper compartment, hous¬ 
ing the ethmoturbinals, is a capacious but blind ol¬ 
factory recess lying below the cribriform plate and 
usually prolonged posteriorly by a hollowing out of 
the anterior surface of the body of the presphenoid 
.... The lower compartment, or nasophryngeal me¬ 
atus, is respiratory in function, being continuous an¬ 
teriorly with the inferior meatus and terminating pos¬ 
teriorly at the posterior nasal aperture. 

The transverse lamina is also visible in the 
longitudinal sections as a thin line of bone 
(fig. 43). In Rhombomylus , the lamina from 
the lateral ethmoidal plates appears to be 
fused to the vomer, instead of “articulating” 
with the latter as described by Moore. Al¬ 
though it is termed the transverse lamina, 
these plates in Rhombomylus are not hori¬ 
zontal, but are inclined. According to Moore 
(1981), the presence of the transverse lamina 
excludes the olfactory area from respiratory 


air currents; then, olfaction must depend on 
diffusion from the scent-laden inspired air or 
on the projection of puffs of air into the re¬ 
cess by sniffing. Therefore, the air within the 
olfactory recess will not be washed out dur¬ 
ing exhalation but is retained longer for ol¬ 
factory analysis. 

In addition to the transverse lamina, a thin, 
bony sagittal nasal septum divides the pos¬ 
terior upper compartment of the nasal cavity 
into two parts (fig. 42: 19—22). This vertical 
plate is also observed in longitudinal section 
(fig. 43). By its position, this septum is prob¬ 
ably formed by the mesethmoid. A large con¬ 
tribution of the mesethmoid (also called the 
perpendicular plate) to the nasal septum is 
considered a derived mammalian condition 
and is found in several eutherian groups in¬ 
cluding rodents (Goodrich, 1930; de Beer, 
1937; Novacek, 1993b). Anterior to section 
19, there is no such bony nasal septum in 
Rhombomylus. This is probably because the 
anterior part of the septum is cartilaginous, 
as in extant mammals. Posteroventral to the 
median nasal septum is a space that is prob¬ 
ably the posterior extension of the olfactory 
cavity into the presphenoid region, as de¬ 
scribed in some rodents (Paulli, 1990c; 
Moore, 1981; Novacek, 1993b). 

The roof of the posterior nasal cavity is 
mainly formed by the frontal. The frontal si¬ 
nus is absent. Starting from section 21 or 22, 
the cranial space for the olfactory lobes 
emerges dorsal to the posterior end of the 
nasal cavity. The two spaces are separated by 
the cribriform plate of the ethmoid. Cross- 
sections through the olfactory lobe mark the 
narrowest region of the skull, which has a 
keyhole-shaped profile (fig. 42: 23—25). 

In no section of the rostrum could we con¬ 
firm the presence of a bony canal for the lac- 
rimalnasal duct that presumably courses from 
the lacrimal foramen to the floor of the an¬ 
terior nasal cavity. Because of breakage at 
the lacrimal region, the longitudinal sections 
of the left rostrum of IVPP V7492 do not 
include the lateralmost region of the nasal 
cavity. The lateralmost section starts at the 
level of the alveolus of the incisor (the tooth 
was removed for SEM study of microwear) 
(fig. 43). In longitudinal sections, the antero¬ 
posterior dimension of the ethmoturbinal can 
be better appreciated. The ethmoturbinals are 
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located in the posterior nasal cavity and are 
oriented as oblique rows, with the dorsal 
plates being longer than the ventral ones. 
Laterally, the anteroventral edges of the eth- 
moturbinal are connected (fig. 43: sections 
1—5), but medially, the edges of the endotur- 
binals are separated (fig. 43: sections 6 and 
7). The ethmoidal origin of the turbinal can 
be confirmed by connection with the cribri¬ 
form plate. The latter forms a roughly 50° 
angle with the palatal plane of the skull and 
floors the olfactory fossa of the braincase. In 
sections 5 and 6, the maxilloturbinals are ob¬ 
served. The vomer, the transverse lamina, 
and the bony nasal septum (mesethmoid) are 
all visible. The bony nasal septum is short 
and is ventral to the cribriform plate. The 
space under the median nasal septum is the 
posterior extension of the olfactory region. 
The highest point of the nasal cavity is im¬ 
mediately anterior to the anterior border of 
the cribriform plate. 

The frontal sections again confirm the 
structures of the turbinals. They show that 
endoturbinal I and ectoturbinal 1 originate 
from the ethmoidal plate underneath the na¬ 
sal and maxilla (fig. 44: sections 2 and 3) and 
are not from the cribriform plate. The rest of 
the ethmoturbinals are connected with the 
cribriform plate. In addition, the frontal sec¬ 
tions reveal the open-ended incisor and its 
pulp cavity, the infraorbital canal, and roots 
of the cheek teeth. 

Braincase: Cross sections of the braincase 
and auditory region of Rhombomylus are 
based on IVPP V5266 and V5267 (figs. 45- 
49). The anteromost section cuts through the 
braincase region corresponding to the cruci¬ 
ate fissure of the brain, which is the groove 
that separates the olfactory lobe anteriorly 
from the cerebral cortex posteriorly. It is the 
narrowest area of the skull, both internally 
and externally in Rhombomylus. The space 
for the olfactory lobe has a circular contour 
in cross section. The wall of the braincase 
immediately posterior to the olfactory fossa 
is formed primarily by the parietal. Because 
of breakage in both sectioned specimens, it 
is unclear which element forms the floor of 
the braincase in this region. The braincase 
expands posteriorly to reach its greatest di¬ 
mension at the anterior end of the bulla or at 
the anterior portion of the glenoid fossa (sec¬ 


tions 5—8). The profile of the neocortex is 
roughly oval, wider than higher, but is not so 
transversely expanded. It indicates no signif¬ 
icant expansion of the pyriform lobe of the 
cerebral cortex, being consistent with mor¬ 
phology of the endocranial cast (see below). 
The braincase for the anterior portion of the 
cerebrum is formed by the parietal, with par¬ 
tial contribution from the squamosal, partic¬ 
ularly at the region shown in sections 5 and 
6. Both the parietal and squamosal are thin, 
compared to those in leptictids (Novacek, 
1986b). Posteriorly, starting from section 8, 
the squamosal is excluded from the braincase 
by the expanded mastoid of the petrosal. The 
basisphenoid is the main element to the floor 
of the braincase for the cerebrum. It is not 
clear from the sectioned specimens whether 
other bones contribute, or how much if any, 
to formation of the floor. The basisphenoid 
is flat and thin anteriorly at the level where 
the glenoid fossa begins (section 6). It grad¬ 
ually thickens posteriorly. Unlike the parietal 
and squamosal, the basisphenoid is not a sol¬ 
id bone; instead, it is quite spongy in its in¬ 
ternal structure. In sections 8 and 9, the ba¬ 
sisphenoid bears a dorsal projection, but pos¬ 
terior to that projection, the dorsal surface of 
the basisphenoid is concave or flat. 

The extensive petromastoid is the only 
bone forming the entire lateral wall of the 
posterior half of the braincase up to the fo¬ 
ramen magnum. It extends anteriorly to the 
level of the midglenoid fossa and dorsally to 
meet the parietal. This expanded element can 
be roughly divided into an anterior and a 
posterior part. The anterior part is dorsal to 
the tympanic cavity; its medial side is verti¬ 
cal and confines a rectangular space in cross- 
sectional view for the anterior cerebellum 
(sections 10—13). Still posteriorly, the inter¬ 
nal auditory meatus notches the sidewall, so 
that the profile of the braincase becomes hex¬ 
agonal (sections 14—17). The petromastoid is 
large but not solid; its internal space is di¬ 
vided by numerous septa into many small air 
sinuses. The posterior part of the petromas¬ 
toid is the portion posterior to the bulla and 
the petrosal proper sections (18—24). This 
part is greatly inflated, kidney-shaped in 
cross section, and projected ventrally below 
the level of the basioccipital. The inflated 
mastoid region is hollowed and is braced in- 
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Fig. 45. Cross sections anteroposteriorly through the braincase and basicanium of Rhombomylus 
(IVPP V5266), showing some basic structures and terminology, at, atlas; hoc, basioccipital; bs, basi- 
sphenoid; coc, cochlear canal; dms, dorsal exposure of mastoid of petrosal; earn, external acoustic 
meatus; fr, frontal; mal, malleus; ms, mastoid of petrosal; msc, mastoid cavity of petrosal; occ, occipital 
condyle; pa, parietal; prm. promontorium; saf, subarcuate fossa; smc, septum (septa) in mastoid cavity; 
soc, supraoccipital; sq, squamosal; tmc, tympanic cavity; and tmr, tympanic ridge (or ring) that holds 
the tympanium in life. 


ternally by numerous bony septa that are ori¬ 
ented parallel either to the sagittal or to the 
frontal plane of the skull. Most of the septa 
in this region are not complete, with their 
free edges projected into the mastoid cavity. 
At the posterior end the bony septa are com¬ 
plete and bridge the lateral and medial walls 
of the cavity. The boundary between the pe- 
tromastoid and the ectotympanic bulla is un¬ 
clear in most sections through the bulla, but 
in sections 12 and 13 it appears to be lateral 


to the basisphenoid. A similar condition is 
also observed in IVPP V5267 (fig. 47). The 
mastoid cavity is confluent with the tympanic 
cavity. The squamosal does not contribute to 
the sidewall of the posterior braincase; in¬ 
stead, it overlaps the inflated mastoid later¬ 
ally except the area where the petromastoid 
is exposed on the dorsal surface of the skull. 
The parietal is a thick bone bearing a sagittal 
crest and it roofs most of the braincase. It 
has an end-to-end contact with the petromas- 
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Fig. 46. Cross sections of the braincase and basicranium of Rliombomylus (IVPP V5266). The 
cutting sequence of the sections is shown in the figure at the lower right corner. Twenty-four sections 
out of 33 slides are illustrated, at, atlas; hoc, basioccipital; bs, basisphenoid; coc, cochlear canal; da, 
dens of axis; ms, mastoid of petrosal; occ, occipital condyle; pa, parietal; saf, subarcuate fossa; and sq, 
squamosal. 
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Fig. 47. Cross sections through the auditory region of Rhombomylus (IVPP V5267) (only the right 
side sections are illustrated), showing some inner and middle ear structures and related architectures; 
these sections are in a continuous sequence, asc, anterior semicircular canal; ata, anterior ampulla; be, 
braincase; boc, basioccipital; bps, bulla (ectotympanic)-petrosal suture; bs, basisphenoid; ccn, canal for 
cochlear nerve cfn, canal for facial nerve; coc, cochlear canal; dms, dorsal exposure of mastoid of 
petrosal; earn, external acoustic meatus; ect, ectotympanic; ectb, ectotympanic bulla; epr, epitympanic 
recess; ews, epitympanic wing of the sphenoid; fc, fenestra cochleae (rotunda); fr, frontal; hF, hiatus 
Fallopii; hma, head of malleus; Isa, lateral semicircular canal; lta, lateral ampulla; mal, malleus; md. 
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toid and overlaps the anterior part of the su- 
praoccipital posteriorly. The braincase is 
closed posteriorly by the thick, internally 
spongy, supraoccipital as shown in sections 
22 and 23 (fig. 46). The suture between the 
parietal and supraoccipital is clearly seen in 
several sections. The observation of the su¬ 
ture in the crosssections supports the identi¬ 
fication of the supraoccipital, which differs 
from the previous idea that an interparietal is 
present in Rhombomylus (Li and Ting, 1985; 
fig. 43). The basioccipital starts roughly at 
section 15 and floors the central portion of 
the braincase. It borders the bulla anteriorly 
and the petromastoid posteriorly and be¬ 
comes wider and more concave dorsally to¬ 
ward the foramen magnum; posteriorly, it 
ends at the occipital condyles. Near the fo¬ 
ramen magnum, the suture between the pe¬ 
tromastoid and the supraoccipital is complex. 
The occipital exposure of the petromastoid is 
extensive. The foramen magnum is com¬ 
pletely surrounded by the occipital. From 
sections 22 to 24, the atlas and dens of the 
axis were sectioned in IVPP V5266 (figs. 45, 
46). The dens is about 2 mm long and oval 
in cross section, with its long axis vertically 
oriented. 

Although the left side of the basicranium 
of IVPP V5267 is damaged, its right side is 
in better condition than that of IVPP V5267, 
and furnishes detailed morphologies of fine 
structures in the auditory region (fig. 47). 
Section 1 in figure 47 is approximately 
equivalent to section 11 in figure 46. Simi¬ 
larly, the air sinuses and septa are well de¬ 
veloped in the petromastoid. Beginning from 
section 2, the petrosal proper, by which we 
mean the structure consisting of the pars can- 
alicularis and pars cochlearis, is in evidence. 
A canal, identified as the hiatus Fallopii that 
contains the greater petrosal branch of the 
facial nerve, is determined by its position at 
the anterior tip of the petrosal, lateral to the 
promontorium and anterior to the sulcus for 


the facial nerve. The canal has a greater di¬ 
ameter anteriorly than posteriorly. In slides 6 
and 7, the canal for the facial nerve, starting 
within the internal acoustic meatus, pene¬ 
trates the petrosal at the level of the epitym- 
panic recess as indicated by the head of the 
malleus (we assume the malleus is in its orig¬ 
inal anatomical position). In life, the epitym- 
panic recess houses the articulation of the 
malleus and incus. Lateral to the promonto¬ 
rium, there is no clear evidence for a bony 
canal of the facial nerve. 

The promontorium is completely cut 
through to reveal the cochlear canal. The api¬ 
cal section of the promontorium is nearly cir¬ 
cular and shows that the promontorium is in¬ 
flated and projects from the rest of the tym¬ 
panic roof (section 4 in fig. 47). About two 
turns of the cochlear canal are estimated, 
which spirals clockwise around an axis that 
points anteroventrolaterally. This spiral is 
particularly visible in sections 4—10. The mo¬ 
diolus and the primary osseous spiral lamina 
are exposed in section 8. The secondary os¬ 
seous spiral lamina is not very clear, but is 
probably present in the basal cochlear canal 
in slide 9. A narrow vestibular fissure and 
the development of the secondary osseous la¬ 
mella are probably related to hearing of high- 
frequency air-conducted sounds (Meng and 
Fox, 1995 and references therein). 

The medial border of the promontorium is 
not certain but is probably indicated at the 
bullar-petrosal suture as shown in section 7. 
Given that suture, the medial margin of the 
promontorium is narrow. However, antero¬ 
medial to the promontorium there is an ad¬ 
ditional development of a bony structure that 
appears to be a canal on the ventromedial 
side of the promontorium in section 5. The 
ventral wall of the canal opens up in section 
4 to form a broad, inclined plate that is con¬ 
tinuous with the wall of the tympanic cavity. 
The plate extends anteriorly and contributes 
to the lateral floor of the midbraincase. By 


modiolus; ms, mastoid of petrosal; msc, mastoid cavity of petrosal; occ, occipital condyle; pa, parietal; 
prm, promontorium; psc, posterior semicircular canal; psgf, posterior socket of the glenoid fossa; ptm, 
petromastoid; saf, subarcuate fossa; sfn, sulcus for facial nerve; smc, septum (septa) in mastoid cavity; 
soc, supraoccipital; sq, squamosal; tmc, tympanic cavity; tmr, tympanic ridge (or ring) that holds the 
tympanium in life; and vp, vestibule proper. 



84 


BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY 


NO. 275 



Fig. 48. Cross sections through the glenoid fossa and epitympanic recess of the ear region of Rhom- 
bomylus (IVPP V5267). ect, ectotympanic; epr, epitympanic recess; gf, glenoid fossa; hma, head of 
malleus; pgf, postglenoid foramen; ptm, petromastoid; and sq, squamosal. 


position, the plate is similar to the epitym¬ 
panic wing of the sphenoid as seen in eri- 
naceomorphs (MacPhee et al., 1988). The 
cranial side of the promontorium is marked 
by the canal for the facial nerve and, ventral 
to it, the canal for the cochlear nerve. Al¬ 
though the mastoid region of the petrosal is 
inflated, the inner ear is normal. The vesti¬ 
bule proper is seen in a series of sections 
from 7 to 13. The fenestra vestibuli opens 
into the vestibule and the rim of the fenestra 
is thicker than the rest of the promontorial 



Fig. 49. Cross sections through the ear re¬ 
gions of Rhombomylus (IVPP V5266, V5267), 
showing the auditory region and ear ossicles. ?in, 
incus; mal, malleus; and st, stapes. 


wall. In general, the bony wall surrounding 
the vestibule is thicker than that of the pro¬ 
montorium containing the cochlea. The fe¬ 
nestra cochleae at the posterior end of the 
promontorium is transversely elongate (fig. 
47: section 13). Confluent with, and dorsal 
to, the vestibule are the anterior and lateral 
ampullae, which continue distally as the 
semicircular canals. The gyrus of the anterior 
semicircular canal constitutes the edge of the 
subarcuate fossa as in other mammals (Meng 
and Fox, 1995; Fox and Meng, 1997). The 
posterior semicircular canal is exposed pos¬ 
teriorly within the mastoid region (fig. 47: 
sections 14—16). 

The epitympanic recess is on the lateral 
side of the promontorium and occupied by 
the head of the malleus in sections 4—7 in 
IVPP V5267. The recess is floored by a lam¬ 
ina of the ectotympanic that forms the dorsal 
portion of the external auditory meatus. The 
partial roof of the recess is braced by many 
mastoid septa. The recess is confluent with 
the expanded mastoid space, so that the mal¬ 
leus-incus articulation must be partly sus¬ 
pended in life. Unlike many other mammals, 
in which the epitympanic recess is medially 
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formed by the petrosal and laterally walled 
by the squamosal, the squamosal is excluded 
from the epitympanic recess by the expanded 
mastoid in Rhombomylus (fig. 47). The lat¬ 
eral wall of the epitympanic recess is instead 
completed by a combination of the ectotym- 
panic and petrosal, as in rodents and lago- 
morphs (Novacek, 1986b). 

The ectotympanic bulla is well developed 
and the tympanic cavity is spacious, within 
which there is no septum. The ectotympanic 
can be divided into two parts: one medial to 
the tympanic ridge and the other lateral to 
the ridge. The medial bullar part is thin and 
forms the floor of the tympanic cavity, 
whereas the lateral part is distinctively thick¬ 
er and makes up the wall of the external au¬ 
ditory meatus. The tympanic ridge is a cir¬ 
cular structure that supports the tympanic 
membrane. The maximum diameter of the 
circle formed by the ridge, at the position 
where the manubrium of the malleus is lo¬ 
cated (fig. 47: section 5), measures 5.8 mm 
in IVPP V5267. The dorsal part of the tym¬ 
panic ridge is actually represented by the lip 
of the ectotympanic that makes up the medial 
end of the external auditory meatus. This 
part of the ectotympanic is a thin lamina with 
a sharp, free edge projecting ventromedially 
into the tympanic cavity. The projected part 
also floors the epitympanic recess. Judging 
from the position of the tympanic ridge, the 
tympanic membrane must have a high angle 
(>70°) to the horizontal plane of the skull. 

Figure 48 shows some close-up images of 
the glenoid region and the epitympanic re¬ 
cess of the auditory region, which are of im¬ 
portance phylogenetic ally for gliroid mam¬ 
mals. Again, the squamosal overlaps the in¬ 
flated petromastoid and constitutes the bulk 
of the glenoid fossa. The petromastoid also 
contributes to the medial and posterior walls 
of the glenoid fossa (sections 3—5). As seen 
externally, the fossa has a pocketed end con¬ 
fined by the squamosal dorsally and the ec¬ 
totympanic ventrally. The depression contin¬ 
ues backward as a canal between the squa¬ 
mosal and the mastoid. The canal is identi¬ 
fied as the postglenoid foramen, which 
transmits the external jugular vein (Novacek, 
1986b). The external auditory meatus closes 
the glenoid fossa posteriorly. Sections 
through the ear region (fig. 48) clearly show 


that the squamosal does not contribute to the 
formation of the epitympanic recess. 

Discussion: The discussion is devoted to 
the following aspects that are related to the 
nasal cavity: the incisive foramen, Jacobson’s 
fossa, vomer, ethmoid, and paranasal sinuses. 

It is well known that mammals are char¬ 
acterized by development of the bony sec¬ 
ondary palate. The palate forms the ventral 
floor of two nasopharyngeal passages that 
are separated by the vomer and open poste¬ 
riorly as the choanae. The choanae are con¬ 
tinued backwards by a fleshy false palate 
which ends opposite the epiglottis. During 
development, the secondary palate develops 
behind the original internal nostrils on the 
true palate by growth of the maxillae and 
palatines, which meet ventrally and join a 
vertical plate of the vomer. The original in¬ 
ternal nostrils therefore open into the air pas¬ 
sages enclosed by the palate, with only a pair 
of small incisive foramina (anterior palatine 
foramina or nasopalatine canals of Goodrich) 
remaining as parts of the original internal 
nostril communications (Goodrich, 1930). 
The vomeronasal organ (Jacobson’s organ) 
(Jacobson, 1811) opens into the nasopalatine 
duct, which is a canal linking the oral and 
nasal cavities and is located caudal to the in¬ 
cisors in the anterior part of the hard palate 
within the incisive foramina (Broom, 1881, 
1896a, 1896b, 1896c, 1897, 1902, 1915; 
Moore, 1981; Novacek, 1985; Poran, 1998; 
Giere et al., 1999; Keverne, 1999; Sanchez- 
Villagra, 2001). According to Goodrich 
(1930), therefore, the incisive foramina rep¬ 
resent the anterior areas of the original nos¬ 
trils, and small incisive foramina should be 
a derived mammalian feature. In lagomorphs 
and rodents these are more posteriorly locat¬ 
ed than in other mammals and are elongate 
in association with a marked expansion of 
Jacobson’s organ (Novacek, 1993b). The 
large incisive foramina in gliroid mammals 
are probably secondarily achieved, as evi¬ 
denced by the condition in Rhombomylus and 
other basal gliroid mammals such as Matu- 
tinia (Ting et al., 2002), Eurymylus (Sych, 
1971), Heomys (Li, 1977), Mimotona (Li and 
Ting, 1985), and Sinomylus (McKenna and 
Meng, 2001). 

The Jacobson’s organ (= the vomeronasal 
organ, Jacobson, 1811; Bhatnagar and Reid, 


86 


BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY 


NO. 275 


1996; Giere et al., 1999) occurs in the Am- 
niota as a small sac, blind behind and open¬ 
ing in front toward the palatal surface at or 
near the internal nostril (Goodrich, 1930). In 
mammals, Jacobson’s organ is a cigar¬ 
shaped, oblong neuroepithelial and receptor- 
free epithelial tube situated bilaterally at the 
base of the anterior nasal septum (Wible and 
Bhatnagar, 1996). The organ appears to serve 
for smelling the liquid contents of the buccal 
cavity (Bhatnagar and Reid, 1996). In other 
studies (Coquelin et al., 1984; Halpern, 
1987; Meredith and Fernandez-Fewell, 1994) 
sensory input from the organ has also been 
implicated in the control of sexual behavior. 

The Jacobson’s organ and its related struc¬ 
tures, particularly the Jacobson’s capsule, 
have been used as data for mammalian phy- 
logeny. This is particularly illustrated by de 
Beer’s (1937: 398) review of the studies of 
the structures related to that organ by Broom 
(1881, 1896a, 1896b, 1896c, 1897, 1902, 
1915, 1926). Broom has examined the part 
of the paraseptal cartilage that encloses Ja¬ 
cobson’s organ and forms Jacobson’s capsule 
in various mammals. In monotremes, Jacob¬ 
son’s capsule forms anteriorly a complete 
cylinder with a “turbinal” projecting into its 
lumen. Broom found a simplification of the 
turbinal to an “outer bar” (the dorsolateral 
lamina we use here) in several mammalian 
groups, including marsupials, rodents, Xe- 
narthra, Tubulidentata, Tupaia, Macrosceli- 
des, and Chrysochloris. These mammals are 
collectively called the “Archaeorhinata”. 
Broom also distinguished another condition 
in which an outer bar is absent. This condi¬ 
tion is found in the group “Caenorhinata”, 
including Artiodactyla, Perissodactyla, Car¬ 
nivora, Insectivora, Chiroptera, Hyracoidea, 
and Primates. (In regard to the taxonomy, 
note that rodents in de Beer’s usage include 
what we call rodents and lagomorphs today. 
De Beer not only placed Lepus under the Ro- 
dentia (de Beer, 1937: 306) but also specifi¬ 
cally stated (de Beer, 1937: 467) “Thus, in 
Rodentia, Lepus closely resembles Micro- 
tus .” De Beer’s Rodentia is apparently equiv¬ 
alent to our Glires and, therefore, Lagomor- 
pha are included in the “Archaeorhinata”.) 

Because the Jacobson’s capsule is formed 
by the paraseptal cartilage, it is unlikely to 
be preserved in fossils. However, the pre¬ 


maxilla that ventromedially supports the cap¬ 
sule can be preserved as the Jacobson’s fos¬ 
sa, as we described in Rhombomylus. The 
shape of the fossa reflects at least to some 
extent the shape of the Jacobson’s capsule 
and therefore the Jacobson’s organ. As noted 
by Broom (1895: 478), “When the organ of 
Jacobson is well developed and much elon¬ 
gated, its bony support is correspondingly 
long, while when the organ is rudimentary 
the palatine process is short or absent. So that 
not only is there a close connection existing 
between the organ and the cartilage, but also 
an intimate association between the cartilage 
and the supporting bone.” Novacek, based 
on several studies (Spatz, 1964; Kuhn, 1971; 
Zeller, 1987), also mentioned that the para¬ 
septal cartilage forms an elongated trough 
posterior to the nasopalatine duct and that the 
trough is C-shaped in cross section, housing 
the Jacobson’s organ. 

Judging from the distinct shape of the Ja¬ 
cobson’s fossa, we may postulate that the Ja¬ 
cobson’s capsule is well developed and the 
Jacobson’s organ is elongated in Rhombo¬ 
mylus. A similar condition is probably pre¬ 
sent in other basal gliroid mammals that have 
the elongate incisive foramina. The condition 
of Rhombomylus is closer to that of rodents 
than of lagomorphs. In lagomorphs, the Ja¬ 
cobson’s fossa is further elongated and its 
dorsolateral processes are more extensive. In 
other mammals (didelphids, primates, carni¬ 
vores, perissodactyls, and artiodactyls), the 
processes are less developed and the fossa is 
relatively shallow and short. Therefore, a 
well-developed Jacobson’s fossa and an elon¬ 
gated Jacobson’s organ appear to be gliroid 
synapomorphies. 

The ethmoid and the repositioned vomer 
are two neomorphic elements in the mam¬ 
malian nasal region, as compared with the 
typical reptilian condition (Goodrich, 1930). 
The ethmoid consists of a perpendicular plate 
(with its superior projection, the crista galli), 
cribriform plate, and two masses of ethmo- 
turbinals attached to the lateral plates. The 
ethmoid thus contributes to the roof and pos¬ 
terior parts of the lateral walls of the nasal 
cavity, to the nasal septum, and to most of 
the floor of the olfactory fossa of the cranial 
cavity. The lateral surface of the lateral plate 
is opposed to the posterosuperior part of the 
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medial surface of the maxilla and the adja¬ 
cent surface of the palatine bone, while from 
its medial surface are the ethmoturbinals (Al¬ 
len, 1882; Moore, 1981). The area of the ol¬ 
factory mucosa in mammals is increased by 
the development of the ethmoturbinals which 
form the main part of the labyrinths of the 
ethmoid. The mammalian turbinals serve to 
increase the efficiency of the warming, clear¬ 
ing, and moistening actions of the nasal mu¬ 
cosa, as well as to enhance the sense of 
smell. The terminology of the turbinals has 
been reviewed by Moore (1981) and Nova- 
cek (1993b). As shown in the detailed doc¬ 
umentation of the ethmoturbinals in major 
mammalian groups by Paulli (1900a, 1900b, 
1900c), the number, size and shape of these 
elements vary widely from species to spe¬ 
cies. Elaboration of these structures is asso¬ 
ciated with the degree of olfactory acuity 
(Dieulafe, 1906; Novacek, 1993b) and may 
be phylogenetically informative, although a 
correspondence between turbinal variation 
and phylogenetic pattern (Weber, 1904; 
Gregory, 1910) has not been compelling 
(Novacek, 1993b). 

In summarizing Paulli’s investigations, 
Moore (1981) pointed out that the typical 
ethmoid of rodents is similar to that of in- 
sectivores in that there are four endoturbin- 
als, with the lamella of the second split to 
form two olfactory plates. This combination 
is seen in several other mammals, including 
chiropterans, hyracoids, some primates, and 
many carnivorans. But there are five endo- 
turbinals in didelphid marsupials, seven in 
Tachyglossus, and three in Ornithorhyncus , 
which makes it difficult to polarize the states 
of the ethmoturbinal in mammals (Novacek, 
1993b). The morphology of Rhombomylus 
suggests that the four-endoturbinal condition 
is probably primitive for gliroid mammals, 
and possibly for mammals as well. Accord¬ 
ing to Moore (1981), the number of ectotur- 
binals in rodents is also low and they are 
arranged in a single row. Moreover, the ol¬ 
factory region is prolonged posteriorly by a 
hollowing out of the body of the presphe¬ 
noid. All these conditions are already present 
in Rhombomylus. 

However, differences do exist. Unlike 
those mammals in which the two split olfac¬ 
tory plates of endoturbinal 11 inroll in the 


same direction (Paulli, 1900a, 1900b, 1900c; 
Moore, 1981; Novacek, 1993b), those of 
Rhombomylus inroll in opposite directions. 
In addition, all lamellae of endoturbinals in 
extant mammals as illustrated by Paulli 
(1900a, 1900b, 1900c; see also Moore, 1981, 
and Novacek, 1993b) inroll ventrally, where¬ 
as in Rhombomylus entoturbinals Ill and IV 
fold dorsally. In order to understand the phy¬ 
logenetic significance of the turbinals, how¬ 
ever, a more thorough investigation of the na¬ 
sal cavity in early mammals is needed. 

Another common feature of the skull in 
placental mammals is the presence of para¬ 
nasal air sinuses. These pneumatisations are 
essentially extensions of the nasal cavity 
within the bones immediately adjacent to the 
nasal cavity. Commonly the paranasal sinus 
may be respectively called maxillary, frontal, 
or sphenoidal sinuses according to the bones 
the sinuses occupy. In some cases the sinuses 
can extend farther into other cranial bones 
such as the nasal and lacrimal. The studies 
of the nasal region of extant mammals by 
Paulli (1900b, 1900c) remains the most ex¬ 
tensive accounts of the subject. According to 
Paulli, there is no evidence of pneumatisation 
in the skull of the monotremes and marsu¬ 
pials studied, which suggests that absence of 
such sinus is a primitive condition for mam¬ 
mals, although a maxillary sinus may have 
already occurred in some cynodonts (Kemp, 
1979). The maxillary sinus is the only para¬ 
nasal sinus present in insectivores and bats 
and occurs widely in most other placental 
mammals. It is therefore considered a prim¬ 
itive condition for placental mammals, al¬ 
though corroborative evidence for the prim¬ 
itive nature of the maxillary sinus would re¬ 
quire study of the phylogenetic history of na¬ 
sal pneumatisation, which has been 
unfortunately prevented by almost total lack 
of fragmented or sectioned skulls of fossil 
mammals (Moore, 1981). For those extant 
forms that have various paranasal sinuses, 
the number and extent of the sinuses vary 
greatly from one species to another, as well 
as within species or even between the two 
sides in the same individual. But the number 
of the sinuses is usually less than that of the 
intervals between the lamellae of the eth¬ 
moturbinals. 

The maxillary sinus is the only chamber 
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broadly present in rodents and lagomorphs. 
The sinus appears to be closely related to to¬ 
tal body size, with the chamber being small 
or even completely lacking in smaller spe¬ 
cies, whereas in larger forms it may extend 
beyond the maxilla into the frontal bone 
(Moore, 1981; Novacek, 1993b). Additional 
sinuses are developed in some large forms 
such as the porcupine and capybara, which 
is probably a derived condition in gliroids. 
In Rhombomylus, there is no indication of 
any paranasal sinus except for the possible 
existence of the maxillary sinus, so that the 
nasal cavity remains relatively simple. This 
finding supports the hypothesis that the pres¬ 
ence of the maxillary sinus is a primitive 
condition for placental mammals. 

The function of paranasal sinuses has long 
been uncertain. It has been postulated that 
the sinus may (1) reduce the weight of the 
head; (2) be functionless, having arisen in¬ 
cidental to the evolutionary changes that 
have taken place in the shape of the mam¬ 
malian cranium (Weidenreich, 1941); (3) al¬ 
low the area of olfactory epithelium (turbi- 
nal) to be increased and the olfactory sense 
thus improved (Negus, 1958); (4) act as res¬ 
onators; and (5) prevent heat loss from the 
nasal cavity (see Moore, 1981, for a more 
detailed discussion). Moore (1981) conclud¬ 
ed that it is by no means certain that the si¬ 
nuses serve the same functions in various 
mammals. The sinuses may have a combi¬ 
nation of functions outlined above. For in¬ 
stance, they may serve simultaneously to re¬ 
duce the weight of the head, to themoregu- 
late the heat of the nasal cavity, and to in¬ 
crease the capacity of the nasal cavity for 
expanded turbinal. 

Endocranial Casts 

Several studies of endocranial casts of fos¬ 
sil mammals carried out around the turn of 
the last century (Marsh, 1874; Palmer, 1913; 
Moodie, 1916, 1922; Black, 1920) covered 
an array of taxa, including perissodactyls, ar- 
tiodactyls, rodents, insectivores, carnivores, 
and primates. Since then, related studies have 
been continued on a variety of Mesozoic and 
Tertiary mammals (Simpson, 1927; Radin¬ 
sky, 1973, 1974, 1975, 1976, 1977, 1981; 
Kielan-Jaworowska, 1984c; Novacek, 1982a; 


Remy, 1999; Modden and Wolsan, 2000; 
Saveliev and Lavrov, 2001). Brain evolution 
has been important in the study of mammals 
(Hofman, 1982; Deacon, 1990; Clark et al., 
2001; de Winter and Oxnard, 2001), and 
brain morphologies of extant mammals have 
been used for phylogenetic reconstruction 
(Johnson et al., 1982a, 1982b, 1984, 1994; 
Kirsch, 1983; Kirsch and Johnson, 1983). In 
general, however, characters from the brain 
morphology for phylogenetic reconstruction 
of mammals are not very popular. This is 
partly attributable to sparse preservation of 
this important organ of the vertebrate body 
in fossils. Although many endocranial casts 
of various fossil mammals have been studied, 
the focusing issue was the evolution of the 
brain size and general shape. When detailed 
documentation in both fossil and extant 
mammals becomes available, endocranial 
morphology may prove to be a useful source 
for phylogenetic reconstruction of mammals. 

Description: Three endocranial casts were 
prepared by peeling off the skull bones. 
IVPP V5286 and V7486 represent adult in¬ 
dividuals in which all molars are fully erupt¬ 
ed. They are significantly larger than IVPP 
V7487, which is probably a young individ¬ 
ual. IVPP V5286 and V7487 were slightly 
distorted during preservation so that the cast 
is not symmetrical. The olfactory lobe is bro¬ 
ken in both IVPP V7486 and V7487 but is 
preserved in IVPP V5286. The widest region 
of the endocranial cast between the extrem¬ 
ities across the neocortex is 19.4 mm in IVPP 
V7486, 18.1 mm in V5286, and 15.5 mm in 
IVPP V7487. The length from the cruciate 
fissure to the posterior edge of the cerebel¬ 
lum is 27.2 mm in V7486, 26 mm in V5286, 
and 21.8 mm in V7487. 

As shown in IVPP V5286, the olfactory 
lobes are sizable in comparison with the ce¬ 
rebral cortex (fig. 50) but are not transversely 
expanded as in Leptictis (Moodie, 1922; No¬ 
vacek, 1982a, 1986b). The transverse cruci¬ 
ate fissure marks the boundary between the 
olfactory lobes and the cerebrum; it is broad, 
in contrast to a narrower, sharper fissure in 
Leptictis. 

The cerebrum is heart-shaped in dorsal 
view (figs. 50, 51). In IVPP V5286 and 
V7486 the surfaces of the cerebrum casts are 
largely featureless, showing no convolutions 
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Fig. 50. Dorsal views of endocranial casts of Rhombomylus (IVPP V7486, V5286). 


or grooves, such as the rhinal fissure. A sim¬ 
ilar condition is present in endocranial casts 
of some early rodents (Moodie, 1922; Wood, 
1937). In IVPP V7487 a faint longitudinal 
fissure along the longitudinal axis of the cast 
indicates the course of the sagittal sinus. Also 
in IVPP V7487 two faint grooves diverge 
from the posterior end of the sagittal groove 
and extend posterolaterally (fig. 51). These 
two grooves probably indicate the transverse 
sinus, which marks the boundary between 


the cerebrum and cerebellum. Each groove 
ends laterally as a sedimentary cast of a 
small foramen, suggesting the exit for a 
branch of blood vessel to the skull roof. The 
cerebrum and cerebellum are relatively small 
compared to those of other mammals, such 
as Leptictis (Novacek, 1986b) and ischyrom- 
ids (Wood, 1937). Because of the relatively 
unexpanded cerebrum, the brain segment 
posterior to the grooves of the transverse ce¬ 
rebral fissure is relatively narrow and long. 
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Fig. 51. Ventral, ventrolateral, and dorsal views of the endocranial cast of Rhombomylus (IVPP 
V7487). 
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In all the three specimens, the dorsal surfaces 
of the midbrain and the cerebellum are flat 
and show no convolution. Pyriform lobes are 
not significantly inflated. Because of lack of 
the rhinal fissure, which separates the pyri¬ 
form lobe from the cerebral cortex (neocor¬ 
tex) dorsally, the relative sizes of the two 
parts are uncertain. However, it is clear that 
both parts are not significantly expanded. As 
part of the paleocortex, the pyriform lobe is 
usually prominent in mammals having a keen 
sense of smell (Hildebrand, 1995). 

On the ventral side, the area for the chi- 
asma ridge was broken (fig. 51). The casts 
for the optic nerves are prominent in IVPP 
V7487. At the point of their emergence from 
the endocranium, the roots of the optic 
nerves appear unseparated from each other 
by a bony lamina, in contrast to the condition 
of Leptictis. This is consistent with the optic 
foramina seen in the skull. The cast of the 
sphenorbital fissure (= sphenorbital foramen 
of Butler, 1956; sphenoidal fissure of Wah- 
lert, 1974) is preserved on each side in IVPP 
V7487. The sphenorbital fissure commonly 
conveys the oculomotor (III), trochlear (IV), 
and abducens (VI) nerves as well as the oph¬ 
thalmic division and part of the maxillary di¬ 
vision of the trigeminal (V) nerve. Postero¬ 
lateral to the sphenorbital fissure is the cast 
for a large foramen ovale, which usually 
transmits the mandibular branch of the tri¬ 
geminal nerve. Most of the eminence corre¬ 
sponding to the pituitary fossa was broken; 
some peripheral parts indicate an oval pro¬ 
tuberance. 

The brainstem posterior to the cerebrum is 
narrow. Immediately posterior to the foramen 
ovale is a low ridge that forms the lateral 
edge of the cast of the brainstem in ventral 
view. This ridge is interpreted as the cast of 
the trigeminal nerve, which originates ante¬ 
rior to the casts for the facial and cochlear 
nerves and extends anteriorly to the foramen 
ovale and foramen lacerum anterius. The 
ventral surface of the brainstem is floored by 
the basisphenoid and basioccipital and is 
smooth. Between this smooth area and the 
impression made by the petrosal bone is a 
blunt, curved ridge. This ridge is interpreted 
as a cast of a groove between the petrosal 
and the basioccipital. The lateral surfaces of 
the brainstem are molded in a characteristic 


fashion by the petrosal bones. In the middle 
of the area is the prominence corresponding 
to the internal acoustic meatus, which is di¬ 
vided into two parts: the anterodorsal one is 
the cast of the facial (VII) nerve, and the 
posteroventral one is that of the vestibulo¬ 
cochlear (VIII) nerve (fig. 51). At the dorsal 
area is a remarkable eminence corresponding 
to the subarcuate fossa of the petrosal (or the 
flocculus of the cerebellum). The distal por¬ 
tion of the eminence is more expanded than 
is its base, reflecting the shape of the subar¬ 
cuate fossa. In addition to the endocranial 
casts, the cast of the inflated mastoid cavity 
is also revealed in IVPP V7486. The cast is 
divided into small sections by bony septa. 

Discussion: The endocranial casts of 
Rhombomylus are compared to those of other 
Tertiary eutherians (Black, 1920; Moodie, 
1922; Radinsky, 1973, 1974, 1975, 1976, 
1977, 1981; Novacek, 1982a, 1986b; Remy, 
1999; Modden and Wolsan, 2000; Saveliev 
and Lavrov, 2001) and a variety of endocra¬ 
nial casts of living mammals made by Meng, 
including monotremes, marsupials, and rep¬ 
resentatives of most placental orders. The en¬ 
docranial casts of Rhombomylus are more de¬ 
rived than those of didelphid marsupials in 
having a transversely expanded neocortex 
and relatively smaller olfactory lobes. Com¬ 
pared to other eutherian mammals, such as 
Leptictis (Novacek, 1986b) and Tupaia 
(Poonkhum et al., 2000), the endocranial 
casts of Rhombomylus display some primi¬ 
tive features. These include relatively large, 
but not transversely expanded, olfactory 
lobes, small and unconvoluted cerebrum and 
cerebellum, relatively narrow, long cerebrum 
(probably including the midbrain), and lack 
of the rhinal fissure. It is also more primitive 
than that of Ischyromys (Wood, 1937) in hav¬ 
ing a less inflated cerebral cortex. On the oth¬ 
er hand, the Rhombomylus endocranial casts 
may have some derived eutherian conditions, 
such as the confluent roots of the optic 
nerves. However, because endocranial mor¬ 
phologies have not been systematically stud¬ 
ied, it is difficult to incorporate them in a 
phylogenetic analysis. Therefore, we do not 
include brain characters in our phylogenetic 
analyses. 
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Fig. 52. Lateral and medial views of the mandible of Rhombomylus (IVPP V5288). 


Mandible 

Description: Complete mandibles in as¬ 
sociation with skulls are preserved in several 
specimens (figs. 52, 53). These represent in¬ 
dividuals of different ages. The symphysis of 
the mandible is extensive but is not fused in 
any case. This indicates certain relative 
movement of the two mandibles in life, 
which may be beneficial for unilateral trans¬ 
verse mastication. The bottom of the man¬ 
dible is convex ventrally under the cheek 
teeth, with the deepest point below the m2, 
and is concave under the coronoid process. 


The diastema is shorter than that of the upper 
jaw; its absolute and relative sizes increase 
with age. Usually, the diastema is smoothly 
curved, but in IVPP V5278, the oldest indi¬ 
vidual of the collection, the dorsal border of 
the jawbone anterior to the p3 forms a steep 
step (fig. 53D). On the lateral surface of the 
jaw, there are usually two small mental fo¬ 
ramina: one below p3 and the other anter- 
oventral to p3. In some individuals there may 
be only one foramen ventral to p3, or three, 
with the third one below p4 (IVPP V7570.2). 

The coronoid process is relatively large 
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compared to those of other gliroid mammals. 
In adults the ascending ramus starts lateral to 
the m3. Its anterior edge is nearly vertical 
and is slightly thickened. The coronoid pro¬ 
cess is smoothly rounded anterodorsally. 
Posteriorly, the process is hooklike. The mas¬ 
seteric fossa is broad and shallow, and does 
not have distinct dorsal and ventral masse¬ 
teric crests. The anterior edge of the fossa is 
at the level of the m3 talonid (figs. 52, 53). 

The angular process lies in the same plane 
of the cheek teeth and incisor; therefore, it is 
sciurognathous. The process is unusually 
long and is pointed at its end, in contrast to 
a short, blunt one in most gliroid mammals. 
While the mandibular condyle is in the rest¬ 
ing position in the glenoid fossa and the 
cheek teeth are engaged, the posterior tip of 
the angular process reaches posteriorly to the 
level below the mastoid process (fig. 25). 
The lateral surface of the angular process is 
convex and the tip of the process bends me¬ 
dially. The posterior margin of the mandible 
between the process and the condyle has a 
broad semicircular profile. 

The condyloid process is much higher than 
the tooth row. Its head is ovoid, slightly wid¬ 
er than long. The lateral portion is larger and 
less curved than the medial one. An inter¬ 
esting feature is that, as best shown in 
V5278, the medial tip of the condyle bends 
ventrally to form a hooklike structure. The 
ventral surface of the hooked area may serve 
as part of the area for origination of the lat¬ 
eral pterygoid muscle. The dorsal surface of 
this bent area is apparently the facet that con¬ 
tacts the medial wall of the glenoid fossa. On 
the medial side of the mandible, a blunt ridge 
runs from the condyle to the posterior end of 
the m3. A distinctive mandibular foramen is 
ventral to midpoint of the ridge. The medial 
surface of the angular process is the ptery¬ 
goid fossa, a large concave area that is ven¬ 
trally bounded by a prominent ridge. The 
size and depth of the fossa suggest a capacity 
for holding a large bulk of muscle. 

It is clear that during postnatal ontogeny, 
the mandible increases its depth and length 
and becomes more robust with age. However, 
other mandibular structures, such as the an¬ 
gular process, coronoid process, mandibular 
condyle, diastema, length of the tooth raw, 
and position of the masseteric fossa, undergo 


very little change proportionally with age. 
This suggests that the function of the jaw in 
the individuals of different ages represented 
by our collection is similar. See the function¬ 
al analysis of mastication for discussion of 
the mandible. 

POSTCRANIAL ELEMENTS 

Vertebral Column: There are several 
segments of articulated vertebrae in our col¬ 
lection, but most of them preserve only parts 
of the vertebral column. IVPP V5268 has the 
last cervical vertebra and first three thoracic 
vertebrae (fig. 54A). The cervical vertebra 
has no diapophysis for ribs, and its body has 
no nridventral keel; otherwise, it is not easy 
to distinguish it from anterior thoracic ver¬ 
tebrae. The body of each thoracic vertebra 
bears a distinct nridventral keel, which is es¬ 
pecially prominent on the second one. The 
dipophyses of the thoracic vertebrae are 
stout. The spinal processes in all four verte¬ 
brae were damaged. Their neural arches in¬ 
crease in length posteriorly, whereas the di¬ 
ameter of the vertebral canal slightly decreas¬ 
es posteriorly. 

We do not know exactly how many lumbar 
vertebrae Rhombomylus has. IVPP V5269.1— 
3 has six successive lumbar vertebrae pre¬ 
served and articulated posteriorly with the 
sacral series (figs. 54D, 55A). Some lumber 
vertebrae are also preserved in other speci¬ 
mens (figs. 54B—C, 55B). The thoracolumbar 
transition cannot be determined, as no pos¬ 
terior thoracic vertebra is identified in our 
collection. The anterior lumbar vertebrae of 
IVPP V5269.1 are damaged. The centra of 
the lumbar vertebrae are longer than wide 
and become more robust and thicker poste¬ 
riorly. The ventral surfaces of the vertebral 
centra are concave and bear nridventral keels 
that weaken posteriorly. The transverse pro¬ 
cesses of the lumbar vertebrae are wing¬ 
shaped and are anterolaterally directed; they 
extend along the anterior border of the ver¬ 
tebral centrum. The base of the process is 
nearly as long as the centrum. The processes 
of the lumbar vertebrae become longer and 
broader toward the sacrum. The neural spines 
were damaged on all lumbar vertebrae. The 
spines are anterodorsally inclined and be¬ 
come nearly vertical and more slender pos- 
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Fig. 53. A-D, Lateral views of mandibles from individuals of different ages of Rhombomylus (IVPP 
V7585, V5280, V5288, V5278); E, ventral view of the mandible (IVPP V5278). The angular process 
of V5280 (B) is reconstructed based on other specimens. 
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Fig. 54. Cervical, thoracic, and lumbar vertebrae of Rhombomylus (A, IVPP V5268; B, IVPP 
V5272.1; C, IVPP V5272.1; D, IVPP V5269.2). A, Last cervical and first three thoracic vertebrae and 
attached ribs: Al, dorsal view; A2, ventral view; B, two anterior lumbar vertebrae: Bl, dorsal view; 
B2, lateral view; C, a middle lumbar vertebra: Cl, lateral view; C2, anterior view; C3, dorsal view; D, 
two middle lumbar vertebrae: Dl, dorsal view; D2, lateral view; D3, ventral view, ac, accessory process; 
body, vertebral body; Cla, last cervical vertebra; prezy, prezygapophysis; postzy, postzygapophysis; Rl, 
first rib; R2, second rib; R3, third rib; sp can, spinal canal; sp pro, spinal process; Tl, T2, T3, first three 
thoracic vertebrae; tran pro, transverse process; and vk, ventral keel of the vertebra. 


teriorly. On the middle lumbar vertebrae 
(L3—5 in IVPP V5269, assuming six lumbar 
vertebrae in Rhombomylus) a triangular sur¬ 
face slopes and widens posteriorly from the 
back of the neural spines. The two lateral 
edges of the triangular surface converge to 
the medial margins of postzygapophyses. 
The prezygapophyses face mediodorsally 
and the postzygapophyses ventrolaterally. 
The facets on zygapophyses become nearly 
vertical and the prezygapophyses become 
longer and more slender posteriorly. The tips 
of the zygapophyses thicken to form small 
tubercles. On most lumbar vertebrae the ac¬ 


cessory processes are well developed and 
counterlocked with the zygapophyses. The 
accessory processes become successively 
weaker posteriorly and eventually are lost on 
the last lumbar vertebra. 

The sacral series consists of three verte¬ 
brae that are fused to form an elongated and 
triangular sacrum (fig. 55). The sacral ver¬ 
tebrae are smaller than the lumbar vertebrae 
and gradually narrow posteriorly. The trans¬ 
verse process of SI is robust, with its distal 
end being expanded to form the articular fac¬ 
et for the ilium. The facet is roughly trian¬ 
gular and slightly concave and faces postero- 
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Fig. 55. Partial vertebral column and pelvic girdle of Rhombomylus (A, IVPP V5269.3; B, V5271). 
A, Last two lumbar vertebrae, sacral series, first two caudal vertebrae, and posteroventral part of pelvic 
girdle: A1 ventral view; A2, dorsal view; B, last two lumbar vertebrae, sacral series, first caudal vertebra, 
and ilium: Bl. ventral view; B2, dorsal view. Cl, first caudal vertebra; C2, second caudal vertebra; Lla, 
last lumbar vertebra; postzy, postzygaphosis; SI, S2, S3, first to third sacral vertebrae; sp pro, spinal 
process; and tran pro, transverse process. 


laterally and slightly dorsally. The process is 
firmly synostosed with the ilium. The trans¬ 
verse process of S2 is anterolaterally orient¬ 
ed. It is synostosed with the posterior ex¬ 
tremity of the transverse process of SI, and 
laterally encloses a sacral foramen. Laterally, 
the transverse process contributes to the pos¬ 
terior portion of the articular facet for the 
ilium. The transverse process of S2 joins that 
of S3 and encloses a smaller sacral foramen. 
The transverse process of S3 extends pos- 
terolaterally. The prezygapophysis of S1 is a 
thin, vertical, and high process with its artic¬ 
ular facet facing medially and is larger than 
its counterpart on the postzygapophysis of 
the last lumbar vertebra. The postzygapo¬ 
physis of S3 faces ventrolaterally. The neural 
spine of the sacral vertebrae is a thin, low 
ridge that extends along the entire length of 
the neural arch. 

The first two caudal vertebrae are pre¬ 
served in IVPP V5269 and V5270. Only the 
first one (Cl in fig. 55A) is good enough to 
show some detailed morphology. It is shorter 


than S3. The ventral surface of its body is 
concave and bears no tubercle for the hemal 
arch. The winglike transverse process of C1 
is slightly wider than that of S3 and tapers 
posterolaterally. The postzygapophysis of C1 
is located more medially than that of S3 and 
is slightly vertically directed. 

Ribs: The first pair of ribs are well pre¬ 
served in IVPP V5268 (fig. 54A). They are 
anteroposteriorly flattened and more robust 
dorsally than ventrally. The neck is long. The 
tuberculum projects dorsally and is articulat¬ 
ed with the stout diapophysis of Tl. The 
head and neck of the second and third rib are 
preserved in situ. They are similar to those 
of the first rib but are more slender. Frag¬ 
ments of several posterior ribs are preserved 
in IVPP V7428 and in several uncataloged 
specimens. These ribs are long, curved, and 
gently rounded in crosssection. 

Scapula: Both scapulae of IVPP V7428 
(fig. 56) are partially preserved. The blade of 
the scapula is thin and roughly triangular in 
shape, with its anterior edge terminating at 
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Fig. 56. Scapulae, clavicle, and proximal humerus of Rhombomylus (A, B, and C, IVPP V7428; D, 
IVPP V5287). A, Right scapula and articulated proximal humerus: Al, lateral view; A2, medial view; 
A3, posterior view; A4, anterior view; B, lateral view of dorsal part of left scapula; C, anterior view of 
ventral part of left scapula and articulated proximal humerus; D, middle segment of a possible clavicle. 


the scapular notch. The caudal edge of the 
blade is straight and laterally reflected. Much 
of the dorsal edge of the scapular blade is 
damaged on both sides. The preserved por¬ 
tion indicates a convex dorsal border. The 
scapular spine starts just superior to the scap¬ 
ular neck and divides the lateral aspect of the 
scapular blade into supraspinous and infra¬ 
spinous fossae. The spine is deflected pos¬ 
teriorly and makes the infraspinous fossa 
much more concave than the supraspinous 
fossa. The spine has a convex edge and is 
more elevated ventrally than dorsally. The 
ventral extremity of the scapular spine ex¬ 


pands to form a triangular plate. In lateral 
view, the plate bears a slender, long acromion 
process that points ventrally and slightly an¬ 
teriorly and a stout metacroniion that projects 
ventroposteriorly. In anterior view, the ex¬ 
panded plate of the scapular spine is very 
thin and the acromion process is slightly bent 
medially, with its apex pointing medioven- 
trally. In medial view, both acromion and 
metacroniion processes extend ventrally be¬ 
yond the glenoid fossa. Both supraspinous 
and infraspinous fossae are narrow at their 
ventral portions and become wider dorsally, 
with the former being expanded at a greater 
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degree. The short neck of the scapula is thin 
anteroposteriorly but thick lateromedially. 
The glenoid fossa is shallow and gently con¬ 
cave. It is pear-shaped and lateromedially 
narrow. Most of the fossa faces ventrally; its 
anterior portion faces posteroventrally and 
bears a supraglenoid tubercle (Muizon, 
1998). The coracoid process is located just 
above the supraglenoid tubercle and is sep¬ 
arated from it by a shallow notch. The pro¬ 
cess is strongly recurved medially with its tip 
pointing medioventrally. The posterior edge 
of the glenoid fossa is rounded, bearing a low 
projection, the scapular tuberosity (Muizon, 
1998). The medial surface of the scapula re¬ 
flects the relief of the structures on the lateral 
face of the bone to some degree. A small 
depression, probably for the origin of the ca¬ 
put longum of the triceps brachial muscle 
(Muizon, 1998), is dorsal to the scapular tu¬ 
berosity on the medial surface of the scapula. 

Clavicle: The lateral end of right clavicle 
is preserved in IVPP V7428 (fig. 56A). It is 
slender and slightly wider than the tip of the 
acromion. The articulation between the clav¬ 
icle and acromion is not very strong. No oth¬ 
er clavicle is certainly identified in our co¬ 
lection. A segment of slender bone looks 
similar to the clavicle of extant rodents and 
is considered to be the middle part of the 
clavicle of Rhombomylus (IVPP V5787, fig. 
56D). Its size matches the clavicle of IVPP 
V7428. 

Humerus: Both humeri of IVPP V7428 
are preserved but the midshafts were dam¬ 
aged (figs. 56A, C, 57C). Supplemented by 
several humeral fragments (figs. 57A, B, D), 
most of the humeral morphology of Rhom¬ 
bomylus can be determined, although the 
precise length and torsion of the bone are 
uncertain. The estimated length of the hu¬ 
merus of IVPP V7428 is 40 mm. The prox¬ 
imal and distal ends of the bone are twisted 
relative to each other. Because no humerus is 
complete, it is difficult to measure the exact 
degree of twisting (see Gambaryan and Kie- 
lan-Jaworowska, 1997). We estimate that the 
torsion of the humerus of IVPP V7428 is 10- 
20°. The proximal end is the most robust part 
of the bone. The epiphysis is unfused in all 
known specimens. The humeral head is near¬ 
ly hemispherical and extends slightly beyond 
the greater tubercle. The head is also poste¬ 


riorly projected relative to the longitudinal 
axis of the shaft. The articular surface of the 
head has a curvature greater anteroposteri¬ 
orly than mediolaterally and is longer antero¬ 
posteriorly than mediolaterally. 

The greater tubercle is prominent but low¬ 
er than the humeral head. It is separated from 
the humeral head by a shallow sulcus. 
Viewed proximally, the greater tubercle is 
obliquely oriented in an anteromedial—pos¬ 
terolateral direction and is about three times 
as long as wide. The anteromedial edge of 
the greater tubercle is more anteriorly posi¬ 
tioned than is the lesser tubercle. The lesser 
tubercle is rounded and anterolaterally—pos- 
teromedially elongate (twice as long as wide) 
and is much smaller than the greater one. It 
is anteromedial to the humeral head and con¬ 
fluent with the latter proximally. A small 
groove on the proximal surface of the lesser 
tubercle is distinct from the smooth articular 
surface of the humeral head by its rough ap¬ 
pearance. The groove is probably for inser¬ 
tion of the m. subscapularis. The bicipital 
groove is shallow, broad, and well defined 
only proximally between the two tubercles. 

The humeral shaft shows a sigmoid cur¬ 
vature in lateral view. Contributing to such a 
configuration is the deltopectoral crest, 
which runs distally on the anterior aspect of 
the shaft from the anteromedial corner of the 
greater tubercle for about half the length of 
the bone. The crest is low and rounded in its 
proximal portion and appears more elevated 
and sharper distally. On the lateral aspect of 
the humeral shaft there is a salient tricipital 
line (Muizon, 1998), which leads from the 
posterolateral corner of the greater tubercle, 
runs distally and anteriorly, and fuses with 
the deltopectoral crest. The tricipital line and 
the deltopectoral crest define the deltopector¬ 
al surface (Muizon, 1998) for insertion of 
several muscles. The medial surface of the 
distal part of the deltopectoral crest is also 
rough, suggesting insertion of the m. pecto- 
ralis superficialis. 

On the medial surface of the humeral shaft 
a low and small tuberosity for insertion of 
the m. teres major extends out distally from 
the lesser tubercle. The posterior surface of 
the proximal humeral shaft bears a low, 
broad ridge that extends distally from the 
edge of the humeral head. Ventral to the hu- 
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meral head, between the aforementioned tu¬ 
bercles and ridge, is a shallow fossa. The fos¬ 
sa and ridge probably provide attachment for 
the accessory head of the m. triceps. 

In cross section, the humeral shaft is near¬ 
ly circular proximally, mediolaterally com¬ 
pressed in the middle portion, and transverse¬ 
ly expanded distally. Two low ridges and a 
crest contribute to the flatness of the distal 
humerus. One ridge runs from the distal end 
of the deltopectoral crest to the entepicon- 
dyle; the other extends proximally from the 
entepicondyle as the medioposterior edge of 
the humeral shaft. The lateral epicondylar 
crest stretches along the lateral aspect of the 
humeral shaft. It is moderately developed, in¬ 
termediate between those of Sciurus and Le- 
pus. The curved ridges and crest give the dis¬ 
tal portion of the humerus a twisted appear¬ 
ance. 

The small ectepicondyle is on the lateral 
aspect of the distal end of the humerus and 
is the distal end of the lateral epicondylar 
crest. In contrast, the entepicondyle is a 
prominent tuberosity on the medial aspect of 
the distal humerus. Its apex, for the origin of 
the flexor muscles of the carpus and digits, 
is oval-shaped and projects distomedially. A 
shallow depression is present on the posterior 
aspect of the entepicondyle, probably for the 
attachment of helical ligament. The oval en- 
tepicondylar foramen is large. A shallow fur¬ 
row extends distally from the foramen, be¬ 
tween the entepicondyle and the medial rim 
of the humeral trochlea. The furrow extends 
onto the distal surface of the humerus and 
terminates at a tiny, presumably nutrient, fo¬ 
ramen. 

In anterior view, the capitulum is spindle- 
shaped, with the articular surface continuing 
well onto its proximal surface. Dorsal to the 
capitulum is a well-defined radial fossa, 
which receives the head of the radius during 
full flexion of the forearm. The medial part 
of the capitulum is gradually constricted and 
confluent with the trochlea medially. The lat¬ 
eral surface of the capitulum is flattened and 
bears a pit for the radial collateral ligament 
(Gebo and Rose, 1993). In distal view the 
capitulum tapers posteromedially and merges 
with the lateral rim of the trochlea. The 
trochlea is shallow and broad. It wraps 
around the distal end of the humerus from 


the anterior to the posterior side. The troch¬ 
lea is similar to a spiral, with its posterior 
portion being more lateral to the anterior. 
This configuration is also indicated by the 
oblique orientation of the lateral and medial 
trochlear rims relative to the axis of the hu¬ 
meral shaft. The medial trochlear rim is 
prominent and projects distally beyond both 
the capitulum and the entepicondyle. The lat¬ 
eral trochlear rim is sharp and confined to the 
posterior side of the humerus. The posterior 
surface of the distal humerus presents a deep, 
wide olecranon fossa dorsal to the trochlea. 
The fossa communicates with the radial fossa 
through several tiny foramina instead of a 
large supratrochlear fossa (Kielan-Jaworows- 
ka, 1978). 

Li and Ting (1993) assigned a left, distal 
humerus (IVPP V7418) to Rhombomylus. As 
indicated by these authors, the bone is larger 
than all other specimens assigned to Rhom¬ 
bomylus. Its lateral epicondylar crest is much 
more prominent than those of other speci¬ 
mens, and its capitulum is more rounded and 
relatively shorter than those of other speci¬ 
mens assigned to Rhombomylus . These two 
differences allow us to exclude IVPP V7418 
from Rhombomylus ; the specimen probably 
represents a larger mammal with the ability 
to rotate the forearm more extensively. 

Ulna: The ulna is shorter and much more 
slender than the humerus (fig. 58). It is mod¬ 
erately compressed mediolaterally. The prox¬ 
imal third of the bone is slightly recurved 
anteriorly, whereas its distal end is bent pos¬ 
teriorly. The olecranon process is the most 
robust region of the ulna. It expands laterally 
and bears a shallow groove for insertion of 
the m. triceps and anconeus (O’Leary and 
Rose, 1995). Viewed anteriorly, the olecra¬ 
non is slightly deflected medially. In poste¬ 
rior view, the olecranon process expands 
transversely and forms a convex surface fac¬ 
ing posterolaterally. This surface bears a 
prominent, slightly curved medial edge and 
a weak, markedly curved lateral edge. The 
medial side of the olecranon bears a shallow, 
broad fossa, which extends distally as a fur¬ 
row on the medial surface of the proximal 
ulna. The fossa and its distal extension pro¬ 
vide the origin sites for the flexor carpi ul- 
naris and flexor digitorum profundus (Mui- 
zon, 1998). The posterior and proximal edges 
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Fig. 57. Right humeri of Rhombomylus (A, IVPP V7461; B, IVPP V7463; C, IVPP V7428; D, IVPP 
V7464). Al—3, Posterior, anterior, and proximal views of a right proximal humerus. Bl-3, Posterior, 
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of the fossa form a continuous ridge for the 
attachment of the ulnar collateral ligament. 

The trochlear notch is deep and concave. 
Both anconeal and coronoid processes are 
prominent. The anconeal process projects an- 
terolaterally, with its medial limb being lon¬ 
ger than the lateral one and reflected proxi- 
mally. The articular facet of the trochlear 
notch extends onto the laterodistal surface of 
the coronoid process. The coronoid process 
bears a rounded ridge and projects mediolat- 
erally. The low median ridge of the trochlear 
notch marks the proximodistal axis of the 
notch and is slightly oblique (about 15°) to 
the longitudinal axis of the ulnar shaft. The 
lateral margin of the trochlear notch is a 
semicircular incisure. The shape of the troch¬ 
lear notch conforms to the spiral geometry 
of the humeral trochlea. The arc of the troch¬ 
lear notch is less than a half circle, but, with 
the aid of radius, it can firmly hold the distal 
end of the humerus (fig. 58B4, B6). The ra¬ 
dial notch of the ulna is distal to the lateral 
portion of the trochlear notch and is but¬ 
tressed by the coronoid process. Its articular 
facet is slightly excavated and faces antero- 
laterally. 

Viewed anteromedially, a small brachialis 
fossa is immediately distal to the coronoid 
process. Laterally, the supinator crest runs 
distally from the lateral end of the radial 
notch. The robust interosseus crest, continu¬ 
ing distally from the supinator crest, forms 
the large part of the anterior edge of the ulnar 
shaft. Most of the lateral surface of the ulnar 
shaft is occupied by a shallow, well-defined 
elongate fossa. The fossa is broad in its mid¬ 
dle part and becomes narrower toward both 
ends. A prominent, oblique pronator ridge 
for attachment of the m. pronator quadratus 
(Muizon, 1998) divides the medial surface of 
the distal ulna into a small, anterior area that 
faces anteromedially and a large, posterior 


area that faces posteromedially. As a result 
the distal ulnar shaft is triangular in cross 
section. The distal end is of the ulna is poorly 
preserved. It is mediolaterally compressed 
and bears a prominent styloid process. 

Radius: The radius (fig. 58) of Rhombo- 
mylus is shorter than the humerus, with an 
estimated brachial index (radial length/hu¬ 
meral length X 100%; see Gebo and Rose, 
1993) of about 0.75. The radius is more slen¬ 
der than the ulna. The radial head is oval¬ 
shaped and transversely wide. Most of the 
humeral articular surface is concave for ar¬ 
ticulation with the humeral capitulum, but a 
small medial portion is gently convex and 
articulates with the humeral trochlea. The an¬ 
terior edge of the humeral articular surface 
bears a distinct capitular eminence at the 
point where the surface becomes convex. 
The ulnar facet of the radius accounts for 
most of the posterior surface of the radial 
head and extends slightly medially. The short 
radial neck is relatively straight and appears 
constricted distally. The bicipital tuberosity 
is a low ridge on the posterolateral side of 
the shaft distal to the neck. The radial shaft 
distal to the bicipital tuberosity is the thinnest 
part of the bone. From that point the radius 
becomes more robust distally; the distal end 
is the heaviest part of the bone. 

Manus: No manual element in our collec¬ 
tion is directly associated with a skull or den¬ 
tition of Rhombomylus. A fragmentary spec¬ 
imen (IVPP V7518) is tentatively identified 
as part of the left manus of Rhombomylus 
based on its size (fig. 59). Four metacarpals 
(Me) and three proximal phalanges are pre¬ 
served in this specimen. The metacarpals 
tightly contact each other proximally and 
spread out distally. Me 111, IV, and V are 
complete, of which Me III is the longest and 
Me V the shortest, about 60% as long as Me 
III. Only the distal half of Me II is preserved. 


anterior, and lateral views of the shaft of a light humerus. Cl— 3, Anterior, posterior, and lateral views 
of the distal part of a right humerus. Dl-3, Posterior, anterior, and distal views the distal part of a right 
humerus, bg, bicipital groove; delt point, distal terminal point of deltopectoral crest; ectep, ectepicondyle; 
entep, entepicondyle; entep for, entepicondylar foramen; gtu, greater tubercle; latr, lateral ridge of hu¬ 
meral trochlea; ltu, lesser tubercle; medr, medial ridge of humeral trochlea; oleerfo, olecranon fossa; 
radial fo, radial fossa; super, supinator crest (lateral epicondylar crest); tl, tricipital line; and tu teres, 
tuberosity for attachment of M. teres major. 
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Fig. 58. Ulna and radius of Rhombomylus (A, IVPP V7428; B, IVPP V7465). Al—2, Medial and 
lateral views of the right ulna and radius. B, Proximal part of left ulna and radius. Bl, anterior view of 
ulna; B2, posterior view of radius; B3-6, anterior, anteromedial, posterior, and lateral views of the ulna, 
apro, anoconeal process; bitu, bicipital tuberosity; bra fo, brachialis fossa; cenpro, central process; cfac, 
facet for humeral capitulum; cpro, coronoid process; radnot, radial notch; and tn, trochlear notch. 
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Fig. 59. Manus of Rhombomylus (IVPP 
V7518). Al— 2, dorsal and ventral views of a par¬ 
tial left manus; Bl—2, dorsal and ventral views of 
a proximal phalange. McII, McIII, McIV, and 
McV, second to fifth metacarpals; patu, palmar tu¬ 
bercle; pph3, proximal phalange of third finger; 
and sesa, sesamoid bones. 


Judging by its diameter, the bone seems to 
be shorter than Me IV. Me V is dorsoven- 
trally flat and slightly concave ventrally. The 
proximal epiphysis is so expanded that it 
looks like a tuberosity projecting ventrolat- 
erally. The proximal articular facet of Me V 
is slightly convex. The distal epiphysis ex¬ 
pands transversely. The ventral surface of the 
distal shaft has a low, slim longitudinal mid¬ 
dle keel. The distinct margins of the distal 
shaft and the medial keel define two small 
pits presumably for a pair of sesamoid bones. 
A displaced sesamoid ossicle is preserved 
nearby. The distal articular facet is convex 
and extends proximally onto the dorsal side 
and to a lesser degree to the ventral side of 
the distal epiphysis. The convexity of the 
facet is greater dorsally than ventrally. The 
distal epiphysis also has a sagittal ridge and 
a lateral and medial pit for attachment of col¬ 
lateral ligaments. The shaft of Me IV is 
slightly flattened dorsoventrally. Its proximal 
epiphysis is dorsoventrally deep and is 
wedge-shaped with a narrow ventral side. 
The proximal articular facet and distal epiph¬ 
ysis are similar to those of Me V. A pair of 
elongated sesamoid bones are on the ventral 
side of Me IV. 

The proximal epiphysis of Me III is trans¬ 
versely compressed and bears a prominent 
ventral tubercle. The proximal end of Me III 
projects proximally beyond those of Me IV 
and V. The distal part of Me III is similar to 
those of Me IV and V but is more robust. 


Me II is similar to Me III and IV but is slim¬ 
mer. 

The proximal phalanx of digit III is about 
half as long as Me III. Its proximal end is 
expanded transversely and the distal end is 
about the width of the shaft. The proximal 
articular facet forms a shallow hemispheric 
fossa, facing proxinrodorsally. Its ventral lip 
bears a middle notch to accommodate the 
sagittal ridge of Me III. The distal end of the 
bone bears a well-developed trochlea, the ar¬ 
ticular facet of which extends proximally 
onto the ventral side of the bone. The troch¬ 
lea is slightly asymmetrical, indicating a 
slight degree of medial deviation during flex¬ 
ion (Jenkins and Parrington, 1976). The 
proximal half of the proximal phalanx of dig¬ 
it IV is similar to that of digit III. A displaced 
proximal phalanx is possibly from digit II of 
the same hand. 

Pelvic Girdle: Several fragments of the 
pelvic girdle reveal morphologies of its com¬ 
ponents (figs. 55A, B, 60). We estimate that 
the ilium extends about 60% of the total 
length of the pelvis and that the ilium and 
the ischium are oriented parallel to the axis 
of the vertebral column. The ilium has a 
large, elongate wing with lateral, medial, and 
ventral surfaces. The lateral surface of the 
iliac wing is expanded dorsally. Because of 
the lateral reflection of the anterior edge of 
the ilium, this surface is gently concave, 
forming a shallow superior gluteal fossa 
(Wood, 1962). The fossa is nearly vertical 
and faces laterally. The anterodorsal corner 
of the iliac wing is rounded. The posterior 
iliac spine is prominent and forms the ante¬ 
rior edge of a deep greater sciatic notch. The 
notch is on the dorsal margin of the iliac 
body and anterior part of the ischial body. 
The ventral surface of the iliac wing is also 
gently concave and is much narrower than 
the lateral surface. A slender crest extends 
anteriorly from the femoral process (Wood, 
1962, see below for details) on the ventral 
surface of the iliac wing and delimits a nar¬ 
row medial fossa and a narrower lateral fos¬ 
sa. The medial surface of the iliac wing is 
convex longitudinally and concave dorsoven¬ 
trally. The articular facet for the sacrum is 
large and rogose. 

A prominent femoral process is located at 
the border between the lateral and ventral 
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Fig. 60. Pelvic girdle of Rhombomylus (A, IVPP V7428; B, IVPP V7457; C, IVPP V7460; D, IVPP 
V7459). Al—2, lateral and medial views of a partial left innominate; Bl-2, lateral and medial views 
of the middle part of a left innominate; Cl— 2, lateral and medial views of the partial right ischium and 
pubis; D, lateral view of the middle part of a right innominate. 


surfaces of the iliac body, just anterior to the 
anterior margin of the acetabulum. The pro¬ 
cess bears a shallow fossa on its dorsal as¬ 
pect. The sutures between innominate ele¬ 
ments are indiscernible in any specimen. At 
the point corresponding to the junction of the 
ilium and pubis exists a small pectineal em¬ 
inence (Wood, 1962). 


The acetabulum is an open socket, nearly 
hemispherical in shape, and faces laterally. 
The margin of the acetabulum is well defined 
and laterally salient except for the posterov- 
entral area, which is indented by the acetab¬ 
ular notch. The lunate surface, which is the 
articular facet for the femoral head, forms a 
circumferential band. The posterodorsal lobe 
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of the lunate surface is very narrow and 
bears a prominence that bounds the deep ac¬ 
etabular notch laterally. The nonarticular sur¬ 
face in the center of the acetabulum is sur¬ 
rounded by the lunate surface except at the 
acetabular notch. The body of the ischium 
extends posteriorly along the same axis with 
the ilium, and is deeper but slightly thinner 
than the body of the latter. The dorsal margin 
of the anterior ischial body bears a low is¬ 
chial spine. Posterior to the spine is a shallow 
lesser sciatic notch, which is much smaller 
than the greater sciatic notch. The posterior 
half of the ischial body is dorsoventrally 
shallower than the anterior part. The poster- 
odorsal end of the ischium is thickened, but 
an ischial tuberosity is absent in all speci¬ 
mens. The ramus and the body of the ischium 
form a right angle. The symphyseal portion 
of the ischium is quite straight and is more 
slender than the ischial ramus. 

The anterior ramus of the pubis (the ace¬ 
tabular process, Kielan-Jaworowska, 1978) 
tapers posteroventrally. It becomes extremely 
narrow at the point near its junction with the 
ventral ramus of the pubis (the symphyseal 
process of Kielan-Jaworowska, 1978). The 
two rami form an angle of about 135°. The 
ventral ramus bears a small ventral pubic tu¬ 
bercle. The obturator foramen appears oval 
and is much large than the acetabulum. 

Femur: The right femur of IVPP V7428 is 
nearly complete (fig. 61), although it is 
crushed and twisted to some degree (fig. 61). 
It is much longer than the humerus. The bone 
gradually thickens distally to form a robust 
distal end. The right femur in IVPP V7428 
was deformed so that it is curved and the 
shaft is convex laterally. The bone would be 
straighter in life. The estimated length of the 
right femur of IVPP V7428 is 66 mm. The 
femoral head is well defined, with its long 
axis having a 120° angle to the shaft. It is 
slightly shifted onto the proximal aspect of 
the neck; thus the anterior and posterior edg¬ 
es of the head are oblique to the axis of the 
neck. The articular surface of the head is 
quite globular and shows no extension onto 
the neck. The anterior border of the articular 
surface (= the anterior edge of the femoral 
head) forms an acute angle (about 60°) with 
the femoral shaft. The greater trochanter is a 
massive process and extends slightly higher 


than the femoral head. It is anteroposteriorly 
expanded in proximal view. The lateral sur¬ 
face of the greater trochanter bears a low, 
rounded ridge, which extends distally as a 
sharp third trochanter (Wood, 1962). Poste¬ 
riorly, the greater trochanter is marked by a 
prominent trochanteric crest that projects 
posteriorly and overhangs the trochanteric 
fossa. The fossa is very deep and extends 
distally to the level of the apex of the lesser 
trochanter. The third trochanter is triangular 
in anterior view and bears a knob on its tip. 
The lesser trochanter forms a low triangular 
flange, protruding posteromedially from the 
shaft. A rounded ridge runs laterally from the 
rough apex of the lesser trochanter and meets 
with the trochanteric crest of the greater tro¬ 
chanter. For most the part, the femoral shaft 
appears gently rounded in cross section. The 
distal femur is much more expanded antero¬ 
posteriorly than mediolaterally. The patellar 
trochlea (Gebo and Rose, 1993) is narrow 
and well defined by sharp, elevated trochlear 
ridges. The lateral trochlear ridge is slightly 
higher than the medial one. The femoral con¬ 
dyles project posteriorly with articular facets 
well recurved posteroproximally. The lateral 
condyle is slightly larger than the medial and 
protrudes slightly beyond the medial one in 
both distal and posterior directions. The in¬ 
tercondylar fossa is deep and separated from 
the patellar trochlea by a low ridge. The lat¬ 
eral surface of the lateral condyle and the 
medial surface of the medial condyle are flat. 
Small pits on the surfaces probably suggest 
the origin site for the popliteus muscle. 

Patella: The left patella of IVPP V7428 
(fig. 62) is well preserved. The bone is lon¬ 
ger than wide. It is oval in general shape with 
a rounded proximal and tapered distal end. 
Its anterior surface is gently convex and ru¬ 
gose. The posterior surface is convex medio¬ 
laterally and slightly concave proximodistal- 
ly and forms a smooth articular surface read¬ 
ily fitting the patellar trochlea of the femur. 

Tibia: No tibia is complete (fig. 63), so it 
is impossible to know the precise length of 
the bone. Both tibiae of IVPP V7428 lack 
the middle part of the shaft. Several other 
fragments preserve either the proximal or the 
distal portion of the bone. It is estimated that 
the length of the tibia is between those of the 
femur and the humerus. Viewed anteriorly, 
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Fig. 61. Femurs of Rhombomylus (A and C, IVPP V7428; B, IVPP V7480). Al-3, Posterior, lateral, 
and anterior views of a right femur. Bl-4, Anterior, lateral, proximal, and medial views of the proximal 
part of a left femur. Cl-2, Anterior and distal views of the distal part of a left femur. 3tr, third trochanter; 
ff, favea for femoral head ligament; gtr, greater trochanter; itf, intertrochantic fossa (or trochantic fossa); 
lc, lateral condyle; lr, lateral rim of femoral trochlea; ltr, lesser trochanter; me, medial condyle; mr, 
medial rim of femoral trochlea; and ptr, patella trochlea. 


the bone has a low degree of sigmoid cur¬ 
vature, with the proximal part being slightly 
concave laterally and the distal part slightly 
convex laterally; the distal end of the bone 
expands medially. 

The tibial plateau is subtriangular in prox¬ 
imal view. The tibial condyles are subequal 
in size; both are anteroposteriorly longer than 
transversely wide and are separated from 
each other by the intercondylar eminence. 
The medial condyle is oval in outline and 
gently concave, whereas the lateral one is 
subrectangular with its long axis oblique to 
the anteroposterior axis of the tibial plateau. 


It is gently flat mediolaterally but distinctly 
convex anteroposteriorly. This is especially 
so in its posterior portion, which actually ex¬ 
tends onto the posterior side of the tibial pla¬ 
teau. The condyles are confluent in front of 
the intercondylar eminence, forming a rugose 
surface called the anterior intercondyloid 
area (Muizon, 1998). This area is very short 
anteroposteriorly and separated from the tib¬ 
ial tuberosity by a short furrow. The tibial 
tuberosity has a rugose, convex surface that 
slopes down from the tibial plateau to the 
anterior surface of the tibia. The lateral sur¬ 
face is vertical and extends posteriorly from 
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Fig. 62. Anterior, posterior, and medial views 
of the left patella of Rhombomylus (IVPP V7428). 


the tibial tuberosity to the lateral side of the 
lateral condyle. The tibial crest is prominent 
on the anterior tibial shaft. The crest fades 
out abruptly in the middle portion of the 
shaft. On the posterior surface of the shaft a 
sharp crest buttresses the lateral condyle and 
forms the posterolateral edge of the proximal 
shaft. Distally it gradually migrates to the lat¬ 
eral surface of the shaft and becomes blunt; 
it eventually reaches the anterolateral corner 
of the distal epiphysis of the tibia. This crest 
is probably for the attachment of the inter¬ 
osseous membrane between the tibia and fib¬ 
ula. A short ridge that forms the postero¬ 
medial edge of the proximal tibia supports 
the medial condyle. Owing to the develop¬ 
ment of the crests and ridge, the proximal 
portion of the tibial shaft is roughly trian¬ 
gular in cross section. A large, deep lateral 


tibial fossa (Muizon, 1998) is on the lateral 
surface of the proximal shaft. The fossa be¬ 
comes shallower distally and fades out at the 
level where the posterolateral crest begins to 
shift to the lateral side of the shaft. Posterior 
to the proximal end of the lateral tibial fossa 
and just ventral to the posterolateral over¬ 
hang of the tibial plateau is a small facet for 
the proximal end of the fibula (FTp in fig. 
63). A small medial tibial fossa (Muizon, 
1998), probably for insertion of the m. sem- 
imembransous (Wood, 1962), is on the me¬ 
dial surface of the proximal shaft. The pos¬ 
terior surface of the proximal shaft has a nar¬ 
row, deep fossa, which becomes shallower 
distally and fades out at the level of the pop¬ 
liteal notch (Muizon, 1998). The notch is an 
indentation on the posteromedial edge of the 
tibial shaft where the posteromedial popliteal 
line (Kielan-Jaworowska, 1978) ends. The 
popliteal line is oblique and joins the pos¬ 
teromedial edge of the tibia distal to the pop¬ 
liteal notch. The middle portion of the tibial 
shaft is much more slender than the proximal 
portion. Distally the shaft flares transversely 
and is compressed anteroposteriorly. The sur¬ 
faces of the distal shaft are gently flat. Prox¬ 
imal to the distal epiphysis is the distal fib- 
ular facet, which faces laterally and contacts 
the distal end of the fibula. 

The distal epiphysis of the tibia is about 
1.5 times as wide transversely as anteropos¬ 
teriorly. It bears a medial malleolus and a 
complex articular surface for the astragalus. 
The articular surface can be divided into me¬ 
dial and lateral astragalotibial facets (ATim 
and ATil). The ATim is on the lateral aspect 
of the tibial malleolus, facing laterally and 
almost vertical in orientation. The ATil faces 
distally. The facet is saddle-shaped with a 
low middle ridge and two side cavities. The 
ridge is rounded and oriented anteroposteri¬ 
orly. The medial cavity of the ATil appears 
smaller than the lateral one. The latter is ad¬ 
jacent to the distal fibular facet. ATil, includ¬ 
ing the middle ridge and both cavities, ex¬ 
tends posteriorly to the anterior surface of the 
posterior process of the tibia (tpp). This por¬ 
tion of the ATil is also called the distal as¬ 
tragalotibial facet (ATid, Szalay, 1985). The 
medial malleolus is a massive process occu¬ 
pying the whole anteroposterior length of the 
medial distal epiphysis. There is a shallow 
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Fig. 63. Tibia and fibula of Rliombomylus (A, B, D, E, IVPP V7428; C, IVPP V7498). Al-5, Lateral, 
anterior, medial, posterior, and proximal views of the proximal part of a left tibia. Bl-4, Posterior, 
anterior, medial, and distal views of the distal part of a left tibia. C, Proximal parts of right tibia and 
fibula in anterolateral view. D, Left tibia and fibular in distal view. El-3, Medial, lateral, and distal 
views of a distal left fibula. AFi, astragalofibular facet; ATid, distal astragalotibial facet; ATil, lateral 
astragalotibial facet; ATim, medial astragalotibial facet; CaFi, calcaneofibular facet; Fip, proximal part 
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but well-marked sulcus on the posterior sur¬ 
face of the medial malleolus, which is prob¬ 
ably left by the tendon of the nr. flexor tibi¬ 
alis (Szalay, 1985). The posterior process of 
the tibia is thinner and much lower than the 
medial malleolus and is separated from the 
latter by a deep notch. The posterior side of 
the process has a shallow, vertical sulcus, 
probably to guide the tendon of the nr. flexor 
fibularis (tff, Szalay, 1985; = m. flexor dig- 
itorum fibularis; nr. flexor digitorunr longus). 
The anterior edge of the lateral astragalotibial 
facet forms a low but sharp lip and is sepa¬ 
rated from the medial malleolus by a shallow 
notch. This notch and the deep notch be¬ 
tween the medial malleolus and the posterior 
process of the tibia mark the end of a groove 
between the medial and lateral astragalotibial 
facets. The groove accommodates the medial 
rim of the astragalar trochlea. 

Fibula: Only proximal and distal fibular 
segments are known for Rhombomylus (fig. 
63). The fibula is much more slender than 
the tibia and is probably as long as the latter, 
judging from the fibular facets on the tibia. 
Little morphology is available about the 
proximal portion of the bone. The distal end 
of the fibula is anteroposteriorly compressed 
and tightly contacts the distal tibia by the tib- 
ial facet. The lateral malleolus is well devel¬ 
oped, with its apex being located at the an¬ 
teromedial moiety. The distal epiphysis is 
much wider than the shaft; it is compressed 
and slightly twisted from the shaft. Two ar¬ 
ticular facets on the medial surface of the 
epiphysis are the astragalofibular (AFi) and 
the calcaneofibular (CaFi). The AFi is nearly 
vertical and articulates with the lateral facet 
of the astragalar body. The CaFi is slightly 
concave and oblique and faces medially and 
distally. It is distally separated from the AFi 
by a weak crest. A prominent tubercle is on 
the posterolateral corner of the distal epiph¬ 
ysis. 

Astragalus: Both astragali of IVPP 
V7428 are well preserved (figs. 64, 65). The 


body of the astragalus is broad and nearly 
square in dorsal view. Its medial surface is 
flat and vertical and is in articulation with the 
medial astragalotibial facet of the tibia. The 
helical lateral surface of the astragalar body 
articulates with the astragalofibular facet of 
the fibula. A ventrolaterally pointed process 
at the anteroventral corner of the lateral sur¬ 
face exaggerates the helix of the lateral sur¬ 
face. The process fits a notch on the anterior 
edge of the lateral malleolus of the tibia 
when the foot is fully dorsiflexed at the upper 
ankle joint. The astragalar trochlea is well 
grooved. It is slightly asymmetrical, with the 
bottom of the trochlear groove being slightly 
shifted medially. The medial edge of the 
trochlea is rounded and is lower than the 
sharp, lateral one. Both edges are semicir¬ 
cular, with the lateral one having a greater 
radius. The trochlea is narrower posteriorly. 
It almost extends to the ventral surface of the 
astragalar body and terminates anteriorly at 
a shallow fossa that may have accommodat¬ 
ed the anterior lip of the lateral astragaloti¬ 
bial facet of the tibia. The calcaneoastragalar 
and the sustentacular facets account for most 
of the ventral side of the astragalus. The fac¬ 
ets are subparallel and separated by the sul¬ 
cus astragali. The concave calcaneoastragalar 
facet faces lateroventrally and extends slight¬ 
ly oblique to the midline of the astragalar 
body. The sustentacular facet is gently con¬ 
vex in its anterior half and concave in the 
posterior half. It extends anteriorly to the 
ventral base of the astragalar neck and ends 
posteriorly at the sustentacular hinge. The 
sulcus astragali is closed posteriorly. 

The astragalar head is anteromedially off¬ 
set from the astragalar body through a short 
and well-constricted neck. In anterior view, 
the head is compressed and twisted in rela¬ 
tion to the body. Its width is about twice the 
depth. The astragalonavicular facet is exten¬ 
sive, convex, and spans the entire width of 
the head. The articular surface extends prox- 
imally onto the medial side of the astragalar 


of fibula; FTd, facet on tibia for distal fibula; FTp, facet on tibia for proximal fibula; ftu, fibular tubercle; 
ice, intercondylar eminence of tibia; lm, lateral malleolus of fibula; ltc, lateral tibial condyle; ltf, lateral 
tibial fossa; mm, medial malleolus of tibia; mtc, medial tibial condyle; mtf, medial tibial fossa; ter, tibial 
crest; TFd, facet for distal tibia on fibula; tpp, tibial posterior process; and ttu, tibial tuberosity. 
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Fig. 64. Left tarsal bones of Rhombomylus 
(IVPP V7428), entocuneiform missed. A, Distal 
view of astragalus and calcaneus; B, distal view 
of cuboid and navicular; C—F, dorsal, medial, lat¬ 
eral, and ventral views of tarsal bones. ACu, as- 
tragalocuboid joint; Ali, astragalofibular facet on 
astragalus; AMt. astragalomediotarsal facet on the 
head of astragalus; AN, astragalonavicular joint; 
As, astragalus; at, anterior planter process of cal¬ 
caneus; Ca, calcaneus; CaA, calcaneoastragalur 
joint; CaCu, calcaneocuboid joint; CaCul, calca¬ 
neocuboid facet of calcaneus; CaFi, calcaneofi- 
bular facet on calcaneus; Cu, cuboid; CuEc, ec- 
tocuneiform facet on cuboid; cupp, plantar pro¬ 
cess of cuboid; Ecu, ectocuneiform; Mcu, meso- 
cuneiform; Na, navicular; napp, plantar process of 
navicular; and pp, peroneal process of calcaneus. 

neck, but this portion of the articular surface 
(AmT in fig. 65) is probably not for articu¬ 
lation with the navicular, because its dorso- 
ventral depth does not match that of the ar¬ 
ticular surface on the navicular. Therefore, 


the navicular cannot slide onto the astragalar 
neck. A similar extension of the articular sur¬ 
face on the astragalar neck of Paramys was 
considered the articulation with the entocu¬ 
neiform (Wood, 1962). Szalay (1985), how¬ 
ever, found that in Paramys, the entocunei¬ 
form does not contact the astragalus, and he 
suggested that the extended part of articular 
surface on the astragalar head was for the 
medial tarsal bone. Given the general simi¬ 
larity of the foot morphology between Rhom¬ 
bomylus and paramyids, we follow Szalay’s 
(1985) suggestion in identifying the facet, al¬ 
though we cannot completely exclude the 
possibility that this facet is actually for the 
entocuneiform. The astragalocuboid facet is 
the ventrolateral one-third of the surface of 
the astragalar head. There is no border be¬ 
tween the astragalonavicular and astragalo¬ 
cuboid facets. Posterior to the astragalocu¬ 
boid facet there is a small smooth surface on 
the astragalar neck, which contacts the an¬ 
teromedial corner of the calcaneus. 

Calcaneus: Both calcanei of IVPP V7428 
are well preserved (figs. 64, 66). The calca¬ 
neus is robust compared to the astragalus. 
The tuber calcanei (Szalay, 1984) is com¬ 
pressed transversely and expands posteriorly. 
It composes the posterior half of the bone, 
and has a sharp, high medial process and a 
rounded, low lateral one. The two processes 
define a broad, vertical groove. Ventral to 
this groove on the plantar side of the tuber 
calcanei there is a prominent, rounded tuber¬ 
osity. The calcaneal protuberance (Muizon, 
1998) is distinct on the dorsal side of the 
calcaneus. A lower ridge along the midline 
of the protuberance divides the protuberance 
into two parts. The medial, longer part artic¬ 
ulates with the astragalus, whereas the lateral 
one articulates with the fibula. The calca- 
neoastragalar facet is gently convex and fac¬ 
es dorsomedially, whereas the calcaneofibu- 
lar facet is strongly convex and faces dor- 
solaterally. Both facets are slightly oblique to 
the longitudinal axis of the calcaneus. The 
calcaneofibular facet is delimited laterally by 
a low ridge that extends posteriorly. 

The small peroneal process is high on the 
lateral surface of the calcaneus. It is com¬ 
pressed dorsoventrally, projects laterally, and 
ends as a tubercle. A fine groove on its la- 
teroventral surface is the passage for the ten- 



2003 


MENG ET AL.: RHOMBOMYLUS 


111 



Fig. 65. Dorsal, lateral, ventral, medial, distal, and posterior views of the right astragalus of Rhom- 
bomylus (IVPP V7428). ACu, astagalocuboid facet; AFi, astragalofibular facet; Alp, lateral process of 
astragalus; AmT, astragalomediotarsal facet; AN, astragalonavicular facet; ATil, lateral astragalotibial 
facet; ATim, medial astragalotibial facet; CaA, calcaneoastragalar facet; sa, sulcus astragali; su, susten- 
tacular facet; suh, sustentacular hinge; trlr, lateral rim of astragalar trochlea; trmr, medial rim of astragalar 
trochlea. 


don of the m. peroneus longus. A small notch 
on the anterior edge of the peroneal process 
is comparable to the groove for the tendon 
of the m. peroneus brevis in paramyids. 

The sustentaculum talus is located anteri¬ 
orly on the medial side of the calcaneus. It 
is triangular in dorsal view and much broader 
transversely than anteroposteriorly. Its pos¬ 
terior edge is at the same level of the pos¬ 
terior border of the calcaneofibular facet, and 
its anterior edge is oblique and is anterior to 
the anterior border of the calcaneal protuber¬ 
ance. Fine crests and furrows on the anterior 
edge of the sustentaculum talus indicate at¬ 
tachment of the calcaneonavicular ligament. 


The sustentacular facet is flat and directed 
dorsally and slightly anteriorly. The plantar 
surface of the sustentaculum talus is smooth 
and faces posteroplantarly. A groove at the 
junction of this surface and the medial sur¬ 
face of the calcaneal body marks the pathway 
for the tendon of the m. flexor fibularis. The 
groove extends anteriorly on the medial sur¬ 
face of the calcaneus and separates the an¬ 
terior plantar tubercle from the calcaneal 
body. The calcaneonavicular facet is at the 
anterior aspect of the calcaneal body. It is 
concave and oblique to the longitudinal axis 
of the calcaneus. In anterior view, the ante¬ 
rior plantar tubercle is ventral and slightly 
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Fig. 66. Medial, dorsal, lateral, ventral, and distal views of the right calcaneus of Rhombomylus 
(IVPP V7428). at, anterior plantar tubercle; CaA, calcaneoastragalar facet; CaCu, calcaneocuboid facet; 
CaFi, calcaneofibular facet; gtff, groove for the tendon of M. flexor fibularis; gtpb, groove for the tendon 
of M. peroneus brevis; gtpl, groove for the tendon of M. peroneus longus; pp, peroneal process; ptca, 
calcaneal protuberance; su, sustentacular facet; suh, facet for the sustentacular hinge of astragalus; and 
sus, sustentaculum talus. 


medial to the calcaneonavicular facet. Its an¬ 
terior surface is flat and inclined in the same 
direction as the calcaneonavicular facet. 

Li and Ting (1993) referred a left astrag¬ 
alus (IVPP V7421) and a left calcaneus 
(IVPP V7420) from a single individual to 
Rhombomylus. The astragalus differs from 
that of IVPP V7428 in having a larger size 
and a more laterally positioned head. The 
calcaneus is also larger than that of IVPP 
V7428 and lacks the calcaneofibular facet, 
which is distinctive from that of IVPP 
V7428. We exclude these two specimens 
from Rhombomylus. Like the distal humerus 
mentioned above (IVPP V7418), they prob¬ 


ably belong to a larger mammal yet to be 
identified. 

Navicular: The navicular has a complex 
shape (figs. 64, 67). It can be roughly divided 
into two parts, the body and the plantar pro¬ 
cess. The body is approximately triangular 
and is proximodistally short. Its concave 
proximal surface articulates with the astrag- 
alar head, whereas the distal surface contacts 
the ectocuneiform and the mesocuneiform. 
The medial surface of the body is moderately 
concave and contacts the articular process of 
the cuboid. The dorsal and the lateral surfac¬ 
es are confluent and convex. The plantar pro¬ 
cess of the navicular is massive and com- 
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Fig. 67. Proximal, distal, lateral, medial, dorsal, and ventral views of the left navicular of Rhom- 
bomylus (IVPP V 7428). AN, astragalonavicular facet on navicular; napp, plantar process of navicular; 
NCs, articular facet for cuneiforms on the distal surface of navicular body; and NCu, naviculocuboid 
facet on the lateral surface of navicular body. 


pressed dorsoventrally; it extends distally 
from and at a right angle to the body. Its 
plantar surface is convex, bearing a rough 
tuberosity probably for attachment of the m. 
abductor hallucis brevis. The dorsal surface 
of the process is concave, but has a low, 
rounded ridge posteriorly. 

Cuboid: In dorsal view, the cuboid is near¬ 
ly rectangular and is slightly wider than long 
(figs. 64, 68). The dorsal surface of the bone 
is gently flat. The posterior surface of the 
cuboid articulates with the calcaneus. A large 
articular process (Bohlin, 1951) accounts for 
most of the medial surface of the cuboid and 
is visible dorsally as a medial extension of 
the medioposterior corner of the bone. The 
posterior surface of the process forms the 
medial most portion of the calcaneal facet. A 
small, concave astragalar facet and a flat na¬ 
vicular facet are on the medial surface of the 
process. The navicular facet extends ventral¬ 


ly to the plantar side of the process. The an¬ 
terior facet of the process articulates with the 
ectocuneiform. In anterior view, a large oval 
foramen lies between the articular process 
and the body of the cuboid. The medial sur¬ 
face of the cuboid anterior to the articular 
process is gently concave. The distal surface 
of the cuboid is triangular and slightly con¬ 
cave; it articulates with metatarsals IV and V. 
A massive plantar process is present on the 
ventral side of the cuboid. This process pro¬ 
jects anteroventrally from the cuboid body 
and then turns anteriorly. The process also 
extends laterally as a small hook pointing an- 
terolaterally. In anterior view, the plantar 
process surrounds the sulcus for the tendon 
of the m. peroneus longus. 

Ectocuneiform: Viewed anteriorly, the 
ectocuneiform is roughly wedge-shaped 
(figs. 64, 69). Its proximal surface bears two 
articular facets, the navicular and the cuboid. 
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Fig. 68. Proximal, distal, dorsal, lateral, me¬ 
dial, and ventral views of the left cuboid of Rliom- 
bomylus (IVPP V 7428). Acu, astragalocuboid 
facet; CaCu, calcaneocuboid facet; CuEc, facet 
for ectocuneiform; CuM45, facet for metatarsals 
IV and V; hook, hook extending laterally from 
plantar process; and pp, plantar process. 

The navicular facet is flat and triangular and 
faces proximally. The cuboid facet is trans¬ 
versely narrow and dorsoventraly elongate 
and faces proximolaterally. The lateral sur¬ 
face of the ectocuneiform is gently concave 
and contacts the anterior part of the medial 
surface of the cuboid at several points. How¬ 
ever, no distinct articular facet is present. The 
distal surface of the ectocuneiform is smooth 
and articulates only with metatarsal Ill. The 
medial surface of the bone is gently concave 
and uneven, bearing pits and ridges. It con¬ 
tacts the lateral aspects of the mesocuneiform 
and the metatarsal II. The dorsal surface of 
the ectocuneiform is convex and roughly 
rectangular in outline. Viewed ventrally, the 
ectocuneiform bears two small tuberosities. 
One is located mediodistally and ventral to 
the facet for metatarsal III; the other is situ- 



Fig. 69. Left ectocuneiform of Rhombomylus 
(IVPP V 7428). A, Proximal view (right up): B, 
medial view; C, distal view; D, lateral view. 
CuEc, facet for cuboid; EcMt, articular facet for 
metatarsal III; NEc, facet for navicular. 

ated proximolaterally and ventral to the cu¬ 
boid facet. 

Mesocuneiform: The mesocuneiform is 
transversely narrow and much smaller than 
the ectocuneiform (figs. 64, 70). It articulates 
with the navicular proximally and with meta¬ 
tarsal II distally. Its notched laterodorsal cor¬ 
ner accepts the process on the dorsolateral 
corner of the proximal end of metatarsal II. 

Entocuneiform: The entocuneiform is not 
preserved, but is inferred. A shallow groove 



Fig. 70. Distal, proximal, medial, and lateral 
views of the left mesocuneiform of Rhombomylus 
(IVPP V 7428). McMtII, facet for the metatarsal 
II; and NMe, facet for navicular. 
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Fig. 71. Dorsal and ventral views of metatar¬ 
sals and phalanges of the left pes of Rliombomylus 
(IVPP V 7428). Mtl-MtIV, first to fifth metatar¬ 
sals; pphl, proximal phalange of hallux; pph5, 
proximal phalange of fifth digit; sesa, sesamoid 
bones; and tphl, terminal phalange of hallux. 


at the junction of the plantar process and the 
medial side of the navicular body possibly 
contacts the entocuneiform. In addition, the 
medial surface of the proximal metatarsal II 
bears a rough surface probably for contact 
with the entocuneiform. The indirect evi¬ 
dence shows that a large entocuneiform sim¬ 
ilar to that of paramyids (Wood, 1962; Sza- 
lay, 1985) is present in Rhombomylus. 

Metatarsals: All metatarsals of the left 
foot in IVPP V7428 are well preserved, with 
the exception of Metatarsal I, of which the 
proximal half is broken (fig. 71). Metatarsals 
II—V tightly contact each other proximally 
and diverge slightly from one another distal- 
ly. Metatarsal I was turned over. It is the 
shortest metatarsal, whereas metatarsal III is 
the longest and most robust. Metatarsal V is 


the most gracile and is much longer than 
metatarsal I. Metatarsals II—V are arched dor- 
sally and expanded distally. Metatarsal I is 
less curved and expanded. Each of the meta¬ 
tarsals bears a small plantar tuberosity on its 
proximal end. The proximal surface of the 
metatarsal is wedge-shaped, with the ventral 
side being narrower. The proximal end of 
metatarsal II is dorsoventrally deep and me- 
diolaterally compressed. Its medial surface 
bears a rough facet, which is slightly oblique 
to the longitudinal axis of metatarsal II. The 
facet suggests a slightly divergent hallux. 
The distal end of each metatarsal, bearing a 
salient ridge, is very similar to those of the 
metacarpals. The distal end of metatarsal V 
is slightly asymmetrical. A pair of sesamoid 
bones is associated with metatarsal III; others 
are lost. 

The proximal and terminal phalanges of 
the hallux of the left pes in IVPP V7428 are 
well preserved. The proximal phalanx is a 
delicate bone. In lateral view the bone is 
moderately concave ventrally. Both ends are 
asymmetrical. The proximal articular facet 
forms a shallow, concave surface delimited 
by the lateral and medial ridges. The facet 
extends slightly to the dorsal side of the 
bone. Medial to the medial ridge is a small 
sulcus, probably for attachment of the col¬ 
lateral ligament. The distal end of the prox¬ 
imal phalanx bears a small sagittal ridge on 
its plantar surface. The distal articular facet 
is restricted to the medial half of the distal 
epiphysis and extends to the dorsal side of 
the distal epiphysis. The portion of the distal 
epiphysis lateral to the sagittal ridge is re¬ 
duced to a small tubercle. The asymmetry of 
the proximal phalanx indicates divergence of 
the hallux. The distal phalanx of the hallux 
is somewhat transversely compressed. Its 
proximal articular facet is gently concave. 
Adjacent to the plantar edge of the proximal 
facet a prominent flexor tubercle (Jenkins 
and Parrington, 1976) occupies the plantar 
surface of the element. The phalanx tapers 
distally and curves slightly ventrally. The 
proximal phalanges of other digits of the left 
pes of IVPP V7428 are partially preserved. 
They are slender and elongate. The proximal 
ends of these phalanges are similar to those 
of the proximal phalanges of the manus but 
are much larger. 
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CHARACTER ANALYSES 
Materials and Methods 

The sources of characters are from the lit¬ 
erature and from our observations of speci¬ 
mens. The main references and specimens 
examined are listed in appendix 1. Characters 
are tabulated using MacClade in a data ma¬ 
trix (appendix 2). The numbering of each 
character in the following discussion corre¬ 
sponds to that in the data matrix of appendix 
2. A number with an asterisk following a 
character refers to a feature discussed in 
Meng and Wyss (2001); additional discus¬ 
sion about those characters can be found 
therein. Characters already discussed in 
Meng and Wyss (2001) may be modified be¬ 
cause the ingroup in the present study is 
more inclusive. Nonetheless, analyses focus 
on features that are not covered by Meng and 
Wyss (2001). Because the study is mainly 
based on fossil specimens, only dental and 
osteological characters are considered in our 
analyses. Selection criteria for characters in¬ 
cluded (1) use in previous studies, (2) ame¬ 
nability to description as discrete states, and 
(3) a non-autapomorphic distribution. A 
character is selected commonly from diag¬ 
nosis of a taxon or from a list of characters 
in a phylogenetic analysis of a relevant mam¬ 
malian group. All these characters will be 
compared with descriptions and illustrations 
of specimens, and most frequently with spec¬ 
imens or casts to confirm their accuracy. Po¬ 
larity determination is based on outgroup 
comparison (Maddison et al., 1984). 

We do not use autapomorphic characters. 
The derived condition of a character occur¬ 
ring in only one terminal taxon may reflect 
morphological variation among the selected 
ingroup, but it does not provide information 
about relationships. However, for multistate 
characters an autapomorphic state may be 
scored. For instance, the dI2 is scored as (0) 
small with root, (1) ever-growing but restrict¬ 
ed to premaxilla, (2) large and extended into 
maxilla, or (3) the end of incisor extends into 
orbital region. State 3 occurs only in one tax¬ 
on, Tsaganomys, among the selected taxa. 

In describing the characters, we avoid 
phrasing a character and states in expressions 
that imply evolution a priori. For instance, in 
discussing the length of the infraorbital ca¬ 


nal, a relatively long canal is usually consid¬ 
ered a primitive state, in contrast to a short, 
derived one, in eutherians. However, in ad¬ 
vanced rodents, such as geomyoids, the in¬ 
fraorbital canal is relatively long because it 
is extended anteriorly, in relation to the mod¬ 
ification of the rostrum for attachment of the 
masseter muscle. In this case, instead of 
terming the state as “secondarily elongated”, 
we phrase it as “the canal extends anterior¬ 
ly”- 

We also avoid using terms that imply a 
taxon in describing a character and its states. 
For instance, when phrasing the states of the 
zygomatic arch for rodents, we do not use 
the terms protrogomorphous, hystricomor- 
phous, sciurogmorphous, and myomorphous. 
Each of these terms usually implies a partic¬ 
ular rodent group. The goal of our analyses 
is to identify groups of the terminal taxa; 
therefore, using those taxonomically sensi¬ 
tive terms in character analyses appears to be 
logically circular. Therefore, we use neutral, 
descriptive, yet committal terms in describ¬ 
ing the character and states. In addition, as 
Landry (1999) pointed out, some logical dis¬ 
tortion is inserted when the term “Myomor- 
pha” had to be extended to some hystrico- 
morph forms, such as dipodoids. 

Dentition 

Character 1: Incisor enamel — (0) com¬ 
pletely surrounds the tooth, or (1) is restrict¬ 
ed primarily to the labial surface (*1). In 
reporting the earliest zalambdalestid Kul- 
beckia, Archibald et al. (2001) considered 
the enamel distribution on the enlarged lower 
medial incisor in this taxon to be the same 
as in Glires. However, the actual cross sec¬ 
tion of the enlarged incisor in Kulbeckia 
shows that the enamel covers the entire tooth 
except the side in contact with the other in¬ 
cisor, which is different from the incisor 
enamel in Glires in which the enamel is ab¬ 
sent on the lingual or medial surface (dorsal 
surface of Archibald et al., 2001). If two 
teeth are in contact, the enamel in the con¬ 
tacting area may be reduced, as shown by the 
enamel distribution in the cheek teeth of 
Rhombomylus. Whether this is the case for 
the enlarged incisor of Kulbeckia is unclear. 
Nonetheless, the enamel condition in Kul- 
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beckia is different from the primitive condi¬ 
tion for eutherians, in which the enamel sur¬ 
rounds the crown of the incisor. Pending 
studies of new zalambdalestid material from 
Mongolia and China may reveal the enamel 
distribution in zalambdalestids, for which we 
tentatively score a missing entry for this 
character. The enamel distribution on the en¬ 
larged incisor of Barunlestes is also unclear; 
a missing entry is used for this taxon as well. 

Character 2: Incisor enamel — (0) one lay¬ 
er with radial enamel, (1) double-layered 
with HSB, or (2) single-layered with HSB 
(*2). Archibald et al. (2001: 62) stated that 
“scanning electron micrographs (SEMs) of 
the surface of the lower incisor did not reveal 
Hunter-Schreger bands [in Kulbeckia ].” In 
our understanding, Hunter-Schreger bands 
are usually detected in the cross and longi¬ 
tudinal sections of the tooth enamel after the 
enamel is polished and treated with acid. It 
is not clear to us that the method of obser¬ 
vation used by Archibald et al. (2001) would 
show whether the incisor enamel of Kul¬ 
beckia and other zalambdalestids have the 
bands. Consequently, we code zalambdales¬ 
tids with a missing entry. Traditionally, it 
was thought that single-layered incisor enam¬ 
el characterizes lagomorphs, whereas double¬ 
layered enamel is typical of rodents (Korv- 
enkontio, 1934). Recent studies by Koenig- 
swald (1995, 1996), however, show that sin¬ 
gle-layered enamel does not typify 
lagomorphs ancestrally, but rather that it is 
restricted to leporids. Ochotonids, in con¬ 
trast, have multilayered enamel, a condition 
considered primitive relative to the leporid 
condition by Koenigswald. Martin (1999) 
postulated that single-layered, radial incisor 
enamel similar to that in Tribosphenomys 
and cf. Eomylus is primitive for Theria and 
that Hunter-Schreger bands are derived; an 
HSB inner zone developed from the primi¬ 
tive condition, producing double-layered 
enamel. Reduction of the outer layer of radial 
enamel (from a double-layered precursor) 
could have yielded the single-layered con¬ 
dition typical of leporids (but see Koenig¬ 
swald, 1985: 409). 

Character 3: Incisor enamel type — (0) ra¬ 
dial, (1) pauciserial, (2) multiserial, or (3) 
uniserial. Korvenkontio (1934) distinguished 
three basic enamel types in rodent incisors, 


based mainly on width of the HSB: paucis¬ 
erial, multiserial, and uniserial enamel. The 
distinction of HSB by their width proved not 
to be practical because a wide overlap in 
width between pauciserial and multiserial 
HSB makes it difficult to distinguish them 
(Sahni, 1980; Flynn et al., 1987; Dauphin et 
al., 1988). Martin’s (1992, 1999) studies, 
however, redefined the pauciserial and mul¬ 
tiserial enamels and regarded the pauciserial 
type the primitive condition for those that 
have the HSB in Glires. We follow Martin 
(1992) in polarizing this character. The 
enamel type in Tribosphenomys (Meng et al., 
1994; Meng and Wyss, 1994; Meng and 
Wyss, 2001) and Sinomylus (Martin, 1999) is 
radial, showing no HSB. The enamel type of 
lagomorphs has been occasionally discussed 
in detail compared to those of rodents. Ko¬ 
enigswald (1985) considered lagomorph 
enamel to be multiserial. Based on our ob¬ 
servations of fossil and living specimens, and 
following the criteria of Martin (1994), we 
think the enamel type in lagomorphs is best 
regarded as pauciserial. 

Character 4: Upper diastema — (0) insig¬ 
nificant, (1) significant, (2) large owing to 
loss of canine and premolars, or (3) signifi¬ 
cantly larger than lower diastema (*54). As 
already discussed by others (Hartenberger, 
1985; Li and Ting, 1985; Meng and Wyss, 
2001), the long diastema between incisors 
and premolars of both jaws in gliroid mam¬ 
mals is due to loss of canines and anterior 
premolars. Zalambdalestes and Barunlestes 
retain the primitive dental formula of euthe- 
rian mammals; therefore, the diastema on 
their upper jaws stems not from the loss of 
teeth, but from increased spacing between 
them (Kielan-Jaworowska, 1975, 1984a, 
1984b; Kielan-Jaworowska and Trofimov, 
1980). The space is furnished by elongation 
of the rostrum in Zalambdalestes and Barun¬ 
lestes. Archibald et al. (2001: 62) stated that 
“All [Glires and zalambdalestids] have nar¬ 
row, elongate snouts. Zalambdalestes and 
Barunlestes fall between the ancestral con¬ 
dition in which most of the elongation is 
within the maxilla and the derived condition 
in Glires in which half or more of the elon¬ 
gation is in the premaxilla.” Comparing the 
rostrum of gliroid mammals such as Coco- 
?nys (Li et al., 1989) and Rhombomylus with 
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that of Zalambdalestes, Barunlestes, Kenna- 
lestes, Asioryctes (Kielan-Jaworowska, 1975, 
1984a-b) or Leptictis (Novacek, 1986b) we 
think the rostrum of Glires is neither narrow 
nor elongated. In fact, the rostrum of Glires 
is actually wider and shorter than that of the 
nongliroid forms. This again indicates that 
the diastema in Zalambdalestes and Barun¬ 
lestes probably arose independently of the 
condition in gliroid mammals (Meng and 
Wyss, 2001). Li and Ting (1985: table 3, ch. 
14) considered “lower diastema shorter than 
upper diastema” to be a synapomorphy for 
eurymylids and rodents, and “long diastema 
between incisors and premolars” to be typi¬ 
cal of gliroid mammals. We here combine 
these two characters into one. 

Character 5: Lower incisors — (0) more 
than three pairs, or (1) three or fewer pairs 
(*3). Asioryctes and Kuibelkia have four 
pairs of lower incisors, whereas Kennalestes 
has three (Kielan-Jaworowska, 1981; Archi¬ 
bald et al., 2001). Other ingroup taxa have 
three or fewer pairs of lower incisors. 

Character 6: Upper incisors — (0) more 
than three pairs, or (1) three or fewer pairs 
(*4). Asioryctes has five pairs of upper inci¬ 
sors and Kennalestes has four (Kielan-Ja¬ 
worowska, 1981). The number of upper in¬ 
cisors in Kuibelkia is uncertain (Archibald et 
al., 2001). For Asioryctes there seems to be 
no problem with the tooth counting. The ho¬ 
mology of each incisor in eutherian mam¬ 
mals that have four or fewer incisors is al¬ 
ways problematic. However, the fact that the 
fourth and fifth incisors are discrete charac¬ 
ters should not be ignored. In scoring these 
teeth, their loci can be specific or nonspecif¬ 
ic; the latter was chosen for this study. Scor¬ 
ing these teeth this way does not affect the 
calculation of the ingroup relationships for 
this study, with the exception of the fourth 
lower incisor for Kuibelkia. Other ingroup 
taxa have three or fewer pairs of upper in¬ 
cisors. 

Character 7: First lower incisor — (0) 
present, or (1) absent (*5). 

Character 8: First lower incisor — (0) 
small, or (1) enlarged (*6). 

Character 9: First upper incisor — (0) 
present, or (1) absent (*7). Meng and Wyss 
(2001) scored presence of the first upper in¬ 
cisor in both Barunlestes and Zalambdales¬ 


tes. In fact, 11 is not preserved in Barunles¬ 
tes, although it was mentioned that the snout 
of Barunlestes extends “between 11 and P2” 
(Kielan-Jaworowska and Trofimov, 1980: 
169) and was reconstructed as being present 
(Kielan-Jaworowska, 1975; Kielan-Jawo¬ 
rowska et al., 1979). Rougier et al. (1998) 
scored absence of the first upper incisor in 
Zalambdalestes, contra to Simpson (1926) 
and Kielan-Jaworowska (1984a, 1984b). The 
specimens described by Simpson (1926) and 
Kielan-Jaworowska (1984a, 1984b) appear 
to have some space anterior to the enlarged 
12; therefore, presence of 11 seems probable. 
Until additional information on these taxa 
becomes available, we score “?” for Barun¬ 
lestes and “0” for Zalambdalestes. 

Character 10: First upper incisor — (0) 
small, or (1) enlarged (*8). 

Character 11: Second deciduous lower 
incisor — (0) small and rooted, (1) ever-grow¬ 
ing and extended beneath p3 or ml, or (2) 
beneath m3 and beyond (*9). Primitively, the 
di2 and i2 are rooted and their roots are em¬ 
bedded in the anterior portion of the mandi¬ 
ble. Li and Ting (1985) regarded i2 limited 
to the anterior end of mandible a primitive 
condition, in contrast to the derived condition 
in which di2 is below m2 or m3 or more 
posterior. Li and Ting (1985: fig. 6) coded an 
intermediately derived state for Lagomorpha, 
whereas Dashzeveg et al. (1998: table 3, fig. 
12) considered di2 below m3 or farther back 
a derived condition for gliroid mammals in¬ 
cluding Lagomorph, which is represented by 
Lushilagus in their analysis. This coding ap¬ 
pears contradictory to the observations that 
the di2 shaft extends only to the level of p3 
or p4 in ochotonids and of m2 in leporids 
(Bohlin, 1942; Dawson, 1958; McKenna, 
1982). In fact, a short incisor in Lagomorpha 
has long been recognized as one of the fea¬ 
tures distinguishing it from Rodentia (Gidley, 
1912; Wood, 1957). We consider Dashzeveg 
et al.’s (1998) coding for Lagomorpha to be 
an error. In mimotonids, however, the di2 ex¬ 
tends to m3 (Li and Ting, 1993; McKenna, 
1994). However, a secondarily short di2 oc¬ 
curs in rodents, such as Hydrochoerus. 

The homology of the enlarged lower in¬ 
cisor is one of the controversial issues in the 
study of gliroid and other eutherian mam¬ 
mals, as discussed in Meng and Wyss (2001). 
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The enlarged lower incisor of Barunlestes 
and Zalambclalestes was identified as il 
(Kielan-Jaworowska, 1975, 1984a, 1984b; 
Kielan-Jaworowska and Trofimov, 1980) and 
was reported to reach at least to the level of 
p3 (Kielan-Jaworowska, 1975; Luckett, 
1985). Archibald et al. (2001) considered this 
tooth to be homologous with the second de¬ 
ciduous lower incisor of living Glires on the 
basis of overall anatomy of the dentitions. If 
three upper and lower incisors represent the 
primitive eutherian incisor dental formula 
(Novacek, 1986a), then the homologies of 
these teeth with those in primitive eutherians, 
such as Kennalestes or Asioryctes, which 
have more than three incisors in both upper 
and lower jaws, will remain a matter of de¬ 
bate. In a recent study, the enlarged lower 
incisors of zalambdalestids were still consid¬ 
ered to be the il instead of di2 (Fostowicz- 
Frelik and Kielan-Jaworowska, 2002). 

Character 12: Second lower incisor re¬ 
placement — (0) present, or (1) absent (*12). 
The incisors are primitively diphyodont in 
eutherian mammals. The loss of the perma¬ 
nent second upper and lower incisors has 
been regarded as a synapomorphy for Glires 
(Li et al., 1987) or as part of a derived con¬ 
dition for gliroid mammals (Luckett and Har- 
tenberger, 1993: table II, “enlarged dI2 per¬ 
sists, ever-growing; 12 absent”). We follow 
Li et al. (1987) in considering the replace¬ 
ment of the second incisors as two separate 
characters, for i2 and 12, respectively. 

Character 13: Deciduous 12 — (0) small 
with root, (1) ever-growing but restricted to 
premaxilla, (2) large and extended into max¬ 
illa, or (3) the end of incisor extending into 
orbital region (*10). Incisors are primitively 
contained in the premaxilla in mammals. Li 
and Ting (1985: table 4) considered [d]I2 ex¬ 
tends distally into maxilla a derived condi¬ 
tion for gliroid mammals except lagomorphs. 
Mimotona shared with Lagomorpha the con¬ 
dition in having the dI2 within the premaxilla 
(Li and Ting, 1993). In rodents, the incisor 
may extend farther into the maxilla to the 
level of M2, as in Tsaganomys (Bryant and 
McKenna, 1995). The end of the tooth cre¬ 
ates a bulge at the orbital region. 

Character 14: Anterior surface of dI2 — 
(0) smooth, or (1) grooved (*11). 

Character 15: Second upper incisor re¬ 


placement — (0) present, or (1) absent. See 
above. 

Character 16: Third lower incisor — (0) 
present, or (1) absent (*13). 

Character 17: Third upper incisor — (0) 
present, or (1) absent (*15). 

Character 18: Third upper incisor — (0) 
lateral to 12, (1) posterior to dI2, or (2) re¬ 
duced and immediately behind dI2 (*16). 

Character 19: Fourth upper incisor — (0) 
present, or (1) absent. The fourth upper in¬ 
cisor is present in Asioryctes and Kennalestes 
and absent in all other eutherains selected in 
the study. 

Character 20: Fourth lower incisor — (0) 
present, or (1) absent. The fourth lower in¬ 
cisor is present in Asioryctes but absent in 
Kennalestes and other eutherians. 

Character 21: Fifth upper incisor — (0) 
present, or (1) absent. The fifth upper incisor 
is present in Asioryctes. Its condition in Ken¬ 
nalestes is uncertain. 

Character 22: Incisors — (0) conical or 
convex anteriorly and concave posteriorly, 
(1) anteroposteriorly compressed, (2) trans¬ 
versely compressed with rounded anterior 
surface, or (3) with flat, square-shaped an¬ 
terior surface. The incisor is conical or has 
a convex labial surface and concave lingual 
surface in most conservative mammals. In 
gliroid mammals, the incisor displays varia¬ 
tion in shape in addition to enlargement. In 
extant lagomorphs, both the upper and lower 
incisors are transversely wide and anteropos¬ 
teriorly short. This condition, however, is not 
present in mimotonids and early lagomorphs, 
such as Palaeolagus. In Palaeolagus the in¬ 
cisors, particularly the lower ones, are an¬ 
teroposteriorly longer than wide. In simpli- 
cidentates, the enlarged incisors are trans¬ 
versely narrow but anteroposteriorly deep. In 
crosssection, the incisor usually is rounded 
except the medial surface, which is usually 
flat. In some rodents, the incisors are very 
strong, with the anterior surface becoming 
squared. In crosssection, the tooth may be 
triangular; the enamel cap is thick, forms a 
straight line, and is the widest region of the 
tooth. 

Character 23: Upper canine — (0) present, 
(1) reduced, or (2) absent (*17). 

Character 24: Upper canine — (0) two- 
rooted, or (1) single-rooted (*18). 
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Character 25: Lower canine — (0) present, 
(1) reduced, or (2) absent (*19). 

Character 26: Lower canine — (0) two- 
rooted, or (1) single-rooted (*20). 

Character 27: First lower premolar — (0) 
present, or (1) absent (*21). 

Character 28: First upper premolar — (0) 
present, or (1) absent (*22). 

Character 29: Second lower premolar — 
(0) present, or (1) absent (*23). Frahnert 
(1999) assumed occurrence of at least three 
premolars in each jaw to be the Glires mor- 
photype with further reduction toward the ro¬ 
dent morphotype (2/1) and lagomorph mor- 
photype (3/2). Although absence of p2 has 
been considered a derived feature for gliroid 
mammals (Meng and Wyss, 2001), Archi¬ 
bald et al. (2001) thought that among some 
Glires three upper and lower premolars are 
retained, although they scored absence of p2 
for Tribosphenomys and Mimotona, the rep¬ 
resentative taxa of Glires in their analysis. 
We are unclear about the evidence of Archi¬ 
bald et al. (2001) for presence of p2 in Glires 
and thus follow Meng and Wyss (2001) to 
score “1” for the group. 

Character 30: Second upper premolar — 
(0) present, or (1) absent (*24). 

Character 31: Second upper premolar — 
(0) bladelike, (1) conical, (2) triangular, or 
(3) hypsodont with enamel fold (*25). Dif¬ 
fering from Meng and Wyss (2001), we 
scored an additional derived condition, P2 
triangular for Hyopsodus, Phenacodus, and 
Anagale. 

Character 32: Third lower premolars — 
(0) present, or (1) absent (*26). 

Character 33: Third lower premolar — (0) 
with longitudinal main cusp, (1) with meta- 
conid, (2) with transverse rudiment trigonid 
and talonicl, or (3) enlarged with enamel 
folds (*27). Differing from Meng and Wyss 
(2001), we score an additional “1” for Phen¬ 
acodus. 

Character 34: Third upper premolar — (0) 
present, or (1) absent. This character was not 
used in Meng and Wyss (2001) because all 
taxa included in that study possess the P3. 
P3 is lost in some advanced rodents selected 
for this study. 

Character 35: Third upper premolar — (0) 
large, triangular in crown view, (1) oval in 
crown view and multicuspate, (2) small and 


conical, (3) high-crowned and molariform, 
or (4) bilobed and elongated (*28). 

Character 36: Fourth lower premolar — 
(0) present, or (1) absent. The p4 is absent 
in muroid rodents. The p4 is also absent in 
Ivanantonia efremovi (Shevyreva, 1989), an 
early Eocene rodent with uncertain taxonom¬ 
ic position within Rodentia. Other than the 
absence of p4, the lower teeth morphology 
and enamel microstructures of this species 
are primitive, similar to those of Alagomys 
and Tribosphenomys (Hartenberger et al., 
1997). This peculiar case either indicates an 
early divergent gliroid dental morphology or 
represents an anomalous case of dental de¬ 
velopment. 

Character 37: Trigonid ofp4 — (0) single- 
cusped, (1) tricuspate, (2) bicuspate, or (3) 
with strong ridges (*29). 

Character 38: Protostylid of p4 — (0) ab¬ 
sent, or (1) present. The protostylid is a cin- 
gular cusp labial to the protoconid (Wood 
and Wilson, 1936). It occurs in Florentiamys 
and Gregorymys. 

Character 39: Talonid of p4 — (0) simple, 
(1) tricuspate, or (2) fully crested (*30). 

Character 40: Upper fourth premolar — 
(0) present, or (1) absent. The derived con¬ 
dition occurs in muroids only. 

Character 41: Last upper premolar — (0) 
smaller or subequal to Ml, or (1) signifi¬ 
cantly larger than Ml. State 1 occurs in Flo¬ 
rentiamys and Gregorymys. 

Character 42: Labial cusp(s) of P4 — (0) 
single, (1) double, including a smaller meta¬ 
cone, (2) paracone and metacone equal in 
size, or (3) crested (*31). 

Character 43: Styles ofP4 — (0) absent, or 
(1) present. On the lingual side of the tooth, 
there are protostyle, entostyle and hypostyle 
in Florentiamys and Gregorymys. 

Character 44: Anterior and posterior 
ridges of P4 — (0) weak or incomplete, (1) 
strong, continuous ridges surrounding the la¬ 
bial cusp, or (2) strong with cusp lost (*32). 

Character 45: P4 hypocone — (0) absent, 
(1) small, or (2) very large and anteropos- 
teriorly extended (*33). 

Character 46: Labial cingulum on upper 
molars — (0) present, or (1) absent (*35). 

Character 47: Third lower molar — (0) 
present, or (1) absent (*36). 
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Character 48: Third upper molar — (0) 
present, or (1) absent (*37). 

Character 49: Upper cheek teeth — (0) de¬ 
crease in length and width both anteriorly 
and posteriorly, (1) increase in width poste¬ 
riorly, (2) M3 greatly reduced in size, or (3) 
tooth row increases in width anteriorly 
(*38). State 3 was not recognized in Meng 
and Wyss (2001), but it occurs in muroids, 
in which the molars have the tendency to in¬ 
crease the size anteriorly. 

Character 50: Cheek teeth — (0) brachy- 
dont, (1) some unilateral hypsodonty, (2) 
some hypsodont, or (3) hypsodont (*34). The 
degree of hypsodonty varies among gliroid 
mammals. If comparing those of lagomorphs 
and hystricognath rodents selected for this 
study, the former has a higher degree of hyp¬ 
sodonty in that the tooth crown enters deeply 
into the alveolus and the roots of the teeth 
are weak or absent. 

Character 51: Upper tooth rows — (0) 
parallel, or (1) convergent anteriorly. The 
upper tooth rows are primitively parallel in 
most eutherian and gliroid mammals. In Ca- 
via, Myocastor, and Neoreomys, they strong¬ 
ly converge anteriorly and P4s are separated 
by only a narrow gap. This must be related 
to the modification of mastication and move¬ 
ment of the tongue in those forms. Because 
of the anterior convergence of the tooth 
rows, there is no significant space between 
them in the mouth; therefore, the tongue has 
to be lodged primarily in the space between 
the mandibles. 

Character 52: Lower cheek teeth — (0) 
subequal in size, (1) increase in size poste¬ 
riorly, (2) m3 significantly reduced, or (3) 
increase size anteriorly (*39). Differing from 
Meng and Wyss (2001), we add state 3 for 
muroids. 

Character 53: Upper molar crown — (0) 
subtriangular, (1) rectangular, wider than 
long, (2) quadrate, or (3) longer than wide 
(*40). 

Character 54: Precingulum — (0) weak or 
absent, (1) distinctive along the anterior 
edge of the tooth, (2) confluen t with the pro¬ 
tocone to form a strong loph, or (3) forming 
the strongest loph of upper molars (*41). 
The precingulum is primitively weak or ab¬ 
sent at the anterior protocone base. A dis¬ 
tinctive precingulum runs from the anterior 


base of the protocone to the parastyle in an- 
agalids, pseudictopids, and rodents (Wood, 
1962; Dawson et al., 1984; Li et al., 1989; 
Dashzeveg, 1990b; Korth, 1984; Hu, 1993), 
but is lacking in Alagomys, Tribosphenomys, 
and most basal gliroid mammals (Dashzeveg, 
1990a; Tong and Dawson, 1995; Meng et al., 
1994; Dawson and Beard, 1996; Meng and 
Wyss, 2001). In later rodents, the cingulum 
may join the protoloph (Dashzeveg and 
Meng, 1998), in which case it is usually 
called the anteroloph (Flynn et al., 1986). In 
hystricognath rodents that have five lophs on 
their molars, the anteroloph is independent of 
the protoloph and is the strongest ridge of 
the tooth. Although in these forms the ho¬ 
mologies of the third and fourth lophs have 
long been debated (Hoffstetter and Lavocat, 
1970; Lavocat, 1973, 1976; Wood and Pat¬ 
terson, 1959; Patterson and Wood, 1982; 
Candela, 1999), there seems no disagreement 
about the homology of the anteroloph. 

Character 55: Upper cheek teeth lingual 
cingulum — (0) absent, or (1) present (*42). 

Character 56: Upper molar protoloph — 
(0) weak, (1) complete, (2) not recognizable 
owing to expansion of cusps, (3) strong and 
forming the anterior shearing edge of the 
tooth, or (4) forming transversely elongate 
edge (*43). Meng and Wyss (2001) scored 
three states for this character. Here we rec¬ 
ognize five. In early rodents such as Coco- 
mys and Paramys, the protoloph, the ridge 
connecting the protocone and paracone, is 
weak and is often interrupted by a distinct 
protoconule (paraconule). This is similar to 
the condition in primitive eutherians such as 
Asioryctes and Kennalestes. In most ad¬ 
vanced rodents, the protoloph becomes well 
developed and the protoconule is no longer 
recognizable. A protoloph may be over¬ 
whelmed by inflated cusps as in Florentia- 
mys and Gregorymys, in which the expanded 
cusps become confluent and after wear result 
in a transversely oriented enamel loop. In 
nonrodent gliroid mammals, the protoloph 
forms the anterior shearing edge and usually 
the highest ridge of the tooth. Because the 
precingulum is absent, the protoloph contacts 
the posteroloph of the preceding tooth. In 
pseudictopids and anagalids, the protoloph is 
fully developed, but the precingulum is also 
present (Sulimski, 1968; Hu, 1993), and con- 
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tacts an equally developed postcingulum of 
the preceding tooth and therefore separates 
the protoloph from the posteroloph of the 
preceding tooth. The homology of the pro¬ 
toloph in lagomorphs depends on the recog¬ 
nition of homologous cusps, an issue of de¬ 
bate for years (McKenna, 1982; Lopez Mar¬ 
tinez, 1985). We accept Averianov’s (1998) 
interpretation of the lagomorph molar cusps 
and lophs, and consider the protoloph con¬ 
dition in lagomorphs to be comparable to that 
of nonrodent gliroid mammals. In lago¬ 
morphs, however, the protoloph is trans¬ 
versely long and is as high as the remainder 
of the tooth. 

Character 57: Posteroloph — (0) weak or 
absent, (1) distinct, (2) lost, (3) a continuous 
ridge connecting the hypocone and meta¬ 
cone, or (4) a transversely elongated ridge. 
The posteroloph is the posterior cingulum 
when elevated to form a crest equal in im¬ 
portance to the others (Wood and Wilson, 
1936). It is primitively weak or absent. In 
most gliroid mammals it is distinct. The pos¬ 
teroloph (or cingulum) is absent in Mus, Rat- 
tus, Florentiamys, and Gregorymys. In ma- 
croscelideans, the loph connects the hypo- 
cone and metacone and surrounds a basined 
talon posteriorly. In lagomorphs, the poster¬ 
oloph is transversely extended, being as wide 
as, or even wider than, the protoloph. 

Character 58: Trigon basin — (0) narrow, 
(1) basined, (2) broad, (3) divided by meso- 
loph, (4) anteroposteriorly compressed 
(*44). Meng and Wyss (2001) scored two 
states for this character; here we recognize 
five. The trigon basin is narrow in Asioryctes 
and Kennalestes. The trigon is basined in 
Adapis, Notharctus, Hyopsodus, and Phena- 
codus. State 2 is scored for Tribosphenomys 
and Cynocephalus in which the paracone and 
metacone are well separated by a broad tri¬ 
gon basin. Accepting the interpretation of the 
lophs on the pentalophodont molar of hystri- 
cognath rodents (Hoffstetter and Lavocat, 
1970; Lavocat, 1973, 1976; Candela, 1999), 
the trigon basin is divided by a well-devel¬ 
oped mesoloph. The trigon is greatly com¬ 
pressed anteroposteriorly in lagomorphs. 

Character 59: Centrocrista on upper mo¬ 
lars — (0) present, (1) converged labially to 
form a mesostyle, (2) absent, or (3) the para¬ 


cone and metacone coalesce (*45). We rec¬ 
ognize state 1 for Phenacodus. 

Character 60: Molar mesostyle — (0) ab¬ 
sent, or (1) present. The mesostyle is a small 
cusp at the labial side of the tooth, between 
the paracone and metacone (Wood and Wil¬ 
son, 1936). It is absent in Asioryctes and 
Kennalestes and present in various taxa se¬ 
lected for the analysis. 

Character 61: Upper molar protocone — 
(0) conical, (1) ridged and V-shaped, (2) 
ridged and anteroposteriorly compressed, or 
(3) U-shaped (*46). Accepting Averianov’s 
(1998) interpretation of the lagomorph cusps 
and lophs, we recognize state 2 for lago¬ 
morphs. 

Character 62: Conule — (0) weak, (1) dis¬ 
tinctive, (2) absent, or (3) ridged (*47). The 
conule condition in Pseudictops, Anagale, 
and Anagalopsis is unclear. It appears that 
there is no indication of conules on the molar 
in specimens of the three taxa known to us. 
We tentatively scored absence (state 2) for 
these genera. 

Character 63: Paracone and metacone — 
(0) conical, (1) transverse, (2) V-shaped, (3) 
inflated, (4) anteroposteriorly long, (5) fused 
with lophs as strong transverse enamel ridg¬ 
es, or (6) confluent to form the anterior lobe 
of tooth (*48). Differing from Meng and 
Wyss (2001), we recognize three additional 
states for the character. In some hystricog- 
nath rodents the paracone and metacone be¬ 
come parts of strong transverse lophs of the 
lophodont teeth. The paracone and metacone 
are inflated in Plesiadapis, Nocharctus, and 
Adapis. They are also inflated in Mus and 
Rattus. Given Averianov’s (1998) interpre¬ 
tation of the lagomorph molar cusps and 
lophs, we found that the paracone and meta¬ 
cone in lagomorphs are anteroposteriorly 
compressed in the anterior lobe of the upper 
molar, whereas the hypocone and its shelf 
constitutes the posterior half of the upper 
molar. An intermediate condition is present 
in some Eocene-Oligocene forms such as 
Desmatolagus, in which the trigon is the 
main part of the upper molar, with the para¬ 
cone and metacone marginally located and 
still distinguishable. The hypocone and the 
posteroloph form the posterior, minor portion 
of the molar. In Palaeolagus and other lago¬ 
morphs, such as Ochotona, Prolagus, and 
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Lepus, the paracone and metacone are no 
longer separable and the hypocone and pos- 
teroloph are expanded to form the posterior 
lobe of the tooth. 

Character 64: Upper molar hypocone — 
(0) weak or absent, or (1) strong. The hy¬ 
pocone is primitively absent or weak. The 
hypocone is not present in anagalids (Hu, 
1993), nor is it present in Pseudictops (Su- 
limski, 1968). The hypocone condition in 
early rodents is a matter of debate. Flynn et 
al. (1986: 47) stated: “If the primitive rodent 
condition includes presence of hypocones on 
molars, then paramyine Ischyromyoidea, a 
protrogomorphous group, would be derived 
by their loss of the hypocone, an idea ad¬ 
vanced by Korth (1984).” However, Korth 
(1984: 8) wrote: “hypocone on upper molars 
usually small” in paramyines. Butler (1985: 
390) also made a similar observation, al¬ 
though he thought the hypocone is absent on 
P4 of paramyines. In the early Clarkforkian 
Paramys adamus the hypocone does exist on 
P4 and molars (Dawson and Beard, 1996). 
The hypocone is small in early ctenodacty- 
loids (Dawson et al., 1984; Li et al., 1989; 
Dashzeveg, 1990a). A small hypocone may 
be present in Tribosphenomys (Meng et al., 
1994; Meng and Wyss, 2001), but the cusp 
is absent in Alagomys (Dashzeveg, 1990b; 
Tong and Dawson, 1995; Dawson and Beard, 
1996). The hypocone is usually large and 
continues labially as a strong posteroloph in 
some early gliroid mammals, such as Heo- 
mys and Mimotona. It is expanded to form a 
broad shelf in Rhombomylus and Matutinia 
(Ting et al., 2002). 

Character 65: Cusps lingual to protocone 
on Ml — (0) absent, (1) present as anterostyle 
and enterostyle, or (2) as protostyle and hy- 
postyle. In murids, two small cusps occur on 
the lingual side of the protocone. These 
cusps are termed anterostyle and enterostyle 
(Jacobs, 1978; Jacobs et al., 1989). Jacobs et 
al. (1989) considered this feature a synapo- 
morphy for the family Muridae. In geo- 
myoids, cusps developed on the lingual side 
of the protocone and hypocone are termed, 
respectively, the protostyle and entostyle 
(Wahlert, 1983). Because the homologies of 
these cusps are uncertain (Jacobs et al., 
1989), we tentatively treat these lingual 


cusps as different states in muroids and geo- 
myoids. 

Character 66: Cusps labial to protoconid 
on ml — (0) absent, (1) present, or (2) as pro- 
tostylid and hypostylid (2). For the same rea¬ 
son stated above, we code the character sep¬ 
arately. 

Character 67: Mesoloph (mesolophule )— 
(0) absent, or (1) present. The mesoloph is 
a crest from the mesocone toward the buccal 
or lingual margins of the tooth (Wood and 
Wilson, 1936). This crest occurs as early as 
the middle Eocene in the muroid Pappocri- 
cetodon (Wang and Dawson, 1994). The ho¬ 
mology of the mesoloph is a matter of long 
debate for hystricognath rodents, as summa¬ 
rized in several studies (e.g., Bryant and Mc¬ 
Kenna, 1995; Candela, 1999). In short, Lav- 
ocat (1973, 1974a, 1974b, 1976, 1980; 
Hoffstetter and Lavocat, 1970) considered 
that in the pentalophodont molar of the Af¬ 
rican hystricognathi, the third and fourth 
lophs are homologous to the mesoloph and 
metaloph. This tooth pattern is primitive for 
the “caviomorphs”, which were considered 
to be paraphyletic by Bryant and McKenna 
(1995). In contrast. Wood (1974, 1980, 1984, 
1985; Wood and Patterson, 1959, 1970; Pat¬ 
terson and Wood, 1982) regarded the third 
loph the metaloph, and the fourth one a neo- 
loph. Bryant and McKenna (1995) thought 
that the third loph is the mesolophule, a crest 
extending labially from the metaconule 
(Flynn et al., 1986). This view is largely ac¬ 
cepted by Candela (1999). For hystricog- 
naths in which the third crest is present, we 
follow Bryant and McKenna in scoring it as 
the mesolophule. We note that in Bathyer- 
goides (Lavocat, 1973; personal obse. of a 
cast, AMNH 114279), there are only four 
crests on the upper molar. We also observe 
that in Paraphiomys (Lavocat, 1973; person¬ 
al obse. of casts, AMNH 114281—3, 11487) 
the mesolophule is incomplete; the mesolo¬ 
phule is a crest extending from the mure to¬ 
ward the metaloph that is connected to the 
posteroloph on P4—M2. Given the interpre¬ 
tation of the mesolophule for hystricognath 
rodents, the “mesoloph” used by some au¬ 
thors for the group may not be homologous 
with that in other rodents. 

Character 68: Hypoflexus — (0) absent or 
shallow, (1) deep and anterolabially extend- 
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ed, (2) deep and posterolabially extended, or 
(3) deep and anteroposteriorly compressed. 
The hypoflexus is the valley between the 
protocone and hypocone on the lingual side 
of the upper molar. The hypoflexus is absent 
or shallow in primitive forms. In advanced 
conditions, the hypoflexus may extend anter- 
olabially as in Paraphiomys, or posterolabi¬ 
ally as in Tataromys. In lagomorphs, the hy¬ 
poflexus is deep and anteroposteriorly com¬ 
pressed. 

Character 69: Mure — (0) absent, or (1) 
present. The mure (or endoloph) is the lon¬ 
gitudinal crest that connects the protocone 
and hypocone (Wood and Wilson, 1936). In 
primitive forms, such as Asioryctes and Ken- 
nalestes, the hypocone is not developed or is 
very small and a mure is usually absent. In 
forms that have the hypocone, the protocone 
and hypocone are commonly connected by 
the mure. This connection is absent in lago¬ 
morphs. Bryant and McKenna (1995) con¬ 
sidered that hystricognaths do not have the 
mure, which is not accurate, because some 
early hystricognaths, such as Paraphiomys, 
have the mure (Lavocat, 1973; personal obse. 
of casts). Owing to deepening of the hypo¬ 
flexus, the mure is more labial or absent in 
hystricognath rodents. 

Character 70: Hypoflexid — (0) shallow or 
absent, or (1) deep. The hypoflexid is the 
valley between the protoconid and hypocon- 
id on the labial side of the lower cheek teeth. 
It becomes deep when the protoconid and 
hypoconid are large and the ectolophid is lin- 
gually positioned. 

Character 71: Ectolophid — (0) present, 
or (1) absent. The ectolophid is the ridge 
from the protoconid to hypoconid, near the 
labial side of the tooth (Wood and Wilson, 
1936). It is considered homologous with the 
cristid obliqua of nongliroid mammals 
(Meng and Wyss, 2001). This ridge may be 
lost in various forms such as lagomorphs, 
murids, and geomyoids. 

Character 72: Metaloph — (0) extending 
to protocone, (1) to hypocone (parallel to the 
protoloph), or (2) posteriorly to join poster- 
oloph. The metaloph is the ridge extended 
from the metacone. It usually runs lingually 
either to the protocone as a primitive condi¬ 
tion or to hypocone as a derived condition. 
In some hystricognath rodents it turns back¬ 


wards to join the posteroloph. In Tataromys, 
the metaloph is usually connected to the hy¬ 
pocone but occasionally it turns to the pos¬ 
teroloph (Wang, 1997). 

Character 73: Lower molar trigonid — (0) 
notably higher than talonid, (1) slightly high¬ 
er or equal in height, or (2) jlat occlusal sur¬ 
face (*49). In advanced rodents, the occlusal 
surface of a cheek tooth is flat so that the 
trigonid and talonid are at the same level. 

Character 74: The posterior wall of tri¬ 
gonid — (0) present, (1) strongly crested, or 
(2) incomplete or absent (*50). 

Character 75: Anteroconid of ml — (0) 
absent, (1) single, or (2) bilobed. The anter¬ 
oconid is a cuspid anterior to the protoconid 
and metaconid usually at the longitudinal 
axis of ml. The anteroconid is single on ml 
of Cricetops (Carrasco and Wahlert, 1999) 
and bilobed in Mus and Rattus. 

Character 76: Anterocone on Ml — (0) 
absent, (1) present. The anterocone is a cusp 
anterior to the protocone and paracone, usu¬ 
ally more labial to the longitudinal axis of 
Ml. A single anterocone is present on Ml of 
some rodents such as Eumys and Eucriceto- 
clon, and a bilobed anterocone occurs in Cri¬ 
cetops, Mus, and Rattus. However, we did 
not include any taxon bearing a single anter¬ 
ocone in our analysis. 

Character 77: Lower molar paraconid — 
(0) distinct, (1) reduced, or (2) absent (*51). 

Character 78: Lower molar metaconid — 
(0) aligning with the protoconid, (1) more 
anterior than protoconid, or (2) more pos¬ 
terior (*52). In Neoreomys and Myocastor, 
the protoconid is extended more anteriorly 
while the metaconid is relatively posteriorly 
positioned, so that the ridges between the la¬ 
bial and lingual cusps are diagonal with the 
labial end directed anterolaterally. 

Character 79: Mesoconid of lower mo¬ 
lar — (0) absent, or (1) present. The meso¬ 
conid is a cusp on the ectolophid in the me¬ 
dian valley (Wood and Wilson, 1936). 

Character 80: Talonid basin of lower mo¬ 
lar — (0) restricted, (1) broad, (2) filled with 
a large entoconid, (3) filled with hypolopliid, 
or (4) separated as an independent lobe 
(*53). In addition to those used by Meng and 
Wyss (2001), we add two additional states: 
the talonid basin is filled with a large ento¬ 
conid and with a hypolophid in rodents. 
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Character 81: Entoconid of lower mo¬ 
lar — (0) posteriorly positioned, or (1) ante¬ 
riorly shifted. The entoconid is usually op¬ 
posite the hypoconid. In many gliroid mam¬ 
mals, this cusp is shifted anteriorly. 

Character 82: Hypolophid of lower mo¬ 
lar — (0) absent, (1) present, or (2) very 
strong. The hypolophid (also called hypolo- 
phulid) is primitively absent. When present, 
the ridge usually extends from the entoconid 
to the hypoconid or to the ectolophid anterior 
to the hypoconid. The hypolophid is usually 
strong in hystricognath rodents. In some Tsa- 
ganomys , which was considered a sister 
group of hystricognath rodents (Bryant and 
McKenna, 1995), the hypolophid is usually 
not preserved in adult specimens (Bryant and 
McKenna, 1995; Wang, 2001), but is evident 
in juvenile specimens. 

Character 83: Hypoconulid of m3 — (0) 
present, (1) forming posteriorly and trans¬ 
versely substantial third lobe, (2) third lobe 
distinct but narrow, (3) hypoconulid incor¬ 
porated into posterior cingulum, (4) third 
lobe anteroposteriorly elongated, or (5) hy¬ 
poconulid and posteroloph absent (*56). Dif¬ 
fering from Meng and Wyss (2001), we add 
state 4 for Tataromys and 5 for Florentiamys 
and Gregorymys. 

Mandible 

Character 84: Lower diastema — (0) insig¬ 
nificant, or (1) significant (*55). 

Character 85: Mandibular condyle height 
relative to tooth row — (0) even with tooth 
row, (1) somewhat higher and posterodor- 
sally extended, or (2) significantly higher 
( * 68 ). 

Character 86: Horizontal ramus of man¬ 
dible — (0) slender and long, (1) deep and 
short, with symphysis tapered anteriorly, or 
(2) deep and short, with a deep symphysis 
(*69). 

Character 87: Mental foramina — (0) two 
or more, or (1) single. Dashzeveg et al. 
(1998) recognized this character. They also 
considered a single, enlarged mental foramen 
as an autapomorphic state for Decipomys, 
which is not included in this study. Two 
mental foramina are present in Barunlestes, 
Zalambdalestes (Dashzeveg et al., 1998; 
Rougier et al., 1998; Archibald et al., 2001) 


and some other nongliroid mammals. Archi¬ 
bald et al. (2001) considered the anterior and 
posterior mental foramina as separate char¬ 
acters that vary in position. 

Character 88: Coronoicl process — (0) 
large, (1) somewhat reduced, (2) greatly re¬ 
duced but still as high as mandibular con¬ 
dyle, (3) reduced and located lateral to m3, 
or (4) nearly absent, forming a rudimentary 
process much lower than the condyle (*70). 
The coronoid process in caviomorph rodents 
is low and anteriorly positioned (lateral to 
m3). Differing from Meng and Wyss (2001), 
we add an additional state for those rodents. 

Character 89: Angular process — (0) 
small, or (1) expanded (*71). 

Character 90: Angular process — (0) ori¬ 
gin in the same plane of incisor alveolus, (1) 
process bending inward, or (2) process ori¬ 
gin lateral to incisor alveolus. The angular 
process of the mandible is usually within the 
same plane as the mandibular body in euthe- 
rian mammals or in the same plane as the 
incisor alveolus in some rodents. This con¬ 
dition is conventionally considered sciurog- 
nathy. In contrast, state 2 is called hystricog- 
nathy in the study of rodents. The sciurog- 
nath and hystricognath conditions have been 
used as main characteristics for two principal 
rodent subgroups, Sciurognathi and Hystri- 
cognathi (see Landry, 1999, for review). 
However, Landry (1999) recognized that in 
a typical sciurognath condition the angular 
process not only takes origin in the same 
plane as the incisor alveolus, but the middle 
of the process is pushed inward and down¬ 
ward and the posterior end is turned upward. 
In paramyids, the angular process takes ori¬ 
gin in the same plane of the incisor alveolus, 
but the middle of the process is not pushed 
inward. Therefore Landry (1999) coined a 
new term “protrocognath”, to describe the 
paramyid condition, but not to denote a tax¬ 
on. We found the protrocognath condition 
also present in Rhombomylus and Matutinia 
but unknown in other basal gliroid taxa be¬ 
cause of breakage in this region. Landry 
(1999) noted that a jaw of Mimolagus has 
the sciurognath condition. Landry did not 
compare the protrocognath condition with 
those of nongliroid eutherians. Although we 
avoid using terms such as sciurognath, hys¬ 
tricognath and protrocognath, which imply 
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taxa a priori, we follow Landry (1999) in 
recognizing the difference between angular 
processes in Glires. 

Character 91: Anterior edge of masseter¬ 
ic fossa — (0) confined posterior to cheek 
teeth, (1) extends below m3, (2) extends be¬ 
low m2, or (3) below anterior half of ml or 
p4 (*72). The masseteric fossa is positioned 
farther anteriorly below ml or even p4 in 
advanced rodents. 

Character 92: Protuberance surrounding 
the base of incisor root — (0) absent, or (1) 
present. In geomyoid rodents, the lower in¬ 
cisor extends posteriorly beyond m3; its end 
projects lateral to the plane of the mandible 
and creates a capsule on the lateral surface 
of the coronoid process. In some rodents, 
such as Tsaganomys and Pedetes, the long 
lower incisor extends posteriorly even to the 
mandibular condyle, but it does not project 
laterally as a capsule. Presence of the capsule 
may increase the area for the attachment of 
the masseter muscle. 

Character 93: Mandibular condyle — (0) 
ovoid, (1) cylindrical transversely, or (2) an- 
teroposteriorly oriented. The mandibular 
condyle is ovoid in Asioryctes (Rougier et 
al., 1998), macroscelideans, Rhombomylus, 
and Matutinia. In other nongliroid eutherians 
the condyle is usually transversely cylindri¬ 
cal. The transverse length of the cylindrical 
condyle varies from species to species. For 
instance, the condyle of Tupaia is relatively 
narrower than that of Cynocephalus. In most 
gliroid mammals, the condyle is oriented an- 
teroposteriorly, which appears to be an ad¬ 
aptation for anteroposterior movement of the 
lower jaw. 

Character 94: Coronoid canal — (0) ab¬ 
sent, (1) present. A short canal posterior to 
m3 pierces the anterior base of the coronoid 
process and confluent with the mandibular 
foramen is uniquely present in lagomorphs. 

Character 95: Mandibular foramen — (0) 
lower than tooth row, or (1) at level of tooth 
row or higher. The mandibular foramen is 
lower than the tooth row in many non-gliroid 
eutherians, such as Asioryctes, Kennalestes, 
Zalambdalestes, and Leptictis (Rougier et al., 
1998). In other nongliroid and all gliroid 
mammals, the foramen is positioned at the 
level of, or higher than, the tooth row. 


Cranial Foramina 

Character 96: Incisive foramina — (0) 
small and anteriorly positioned, (1) small 
and slightly posterior, (2) moderately elon¬ 
gated and at middle level of rostrum, (3) 
large and at middle level of rostrum, (4) 
greatly elongated and expanded posteriorly, 
(5) reduced but at middle, or (6) posteriorly 
positioned and significantly reduced (*57). 
The incisive foramen is a canal linking the 
oral and nasal cavities and transmits the na¬ 
sopalatine duct (Broom, 1897; Wohrmann- 
Repenning, 1984, 1991, 1992, 1993; Giere et 
al., 1999). The condition of the incisive fo¬ 
ramen is unclear in Asioryctes and Kenna¬ 
lestes, because the anterior part of the ros¬ 
trum in these forms is not well preserved 
(Kielan-Jaworowska, 1969). Nonetheless, the 
incisive foramen has been reconstructed as 
absent in Asioryctes, Kennalestes, Zalamb¬ 
dalestes, and Deltatheridium (Kielan-Jawo¬ 
rowska, 1984a, 1984b). Reduction of the ca¬ 
nal occurs in some extant taxa, but the is 
regarded as secondary (Giere et al., 1999) 
because the canal is found in the main clades 
of mammals, including monotremes (Broom, 
1896a; Zeller, 1989), marsupials (Broom, 
1896b), and eutherians (Wohrmann-Repen- 
ning, 1984, 1991, 1992, 1993). Nonetheless, 
some specimens show that the incisive fo¬ 
ramen is present at least in Deltatheridium, 
and probably in Zalambdalestes (Gregory 
and Simpson, 1926; Rougier et al., 1998, fig. 
1). It is likely that a small incisive foramen, 
positioned close to the incisor, is present in 
Asioryctes and Kennalestes. Nonetheless, we 
score a missing entry for each of the latter 
taxa. Enlarged and posteriorly shifted inci¬ 
sive foramina are a common feature in gli¬ 
roid mammals (Wahlert, 1974; Novacek, 
1985; Novacek and Wyss, 1986; Li et al, 
1987; Li and Ting, 1993; Luckett and Har- 
tenberger, 1993; Meng and Wyss, 2001). 
However, the sizes, shape, and positions of 
the foramina display considerable variation. 
It appears that the sizes of the foramina are 
not related to the size of the rostrum. For 
instance, Tsaganomys has a very extensive 
rostrum, but the incisive foramina are greatly 
reduced and posteriorly positioned (Bryant 
and McKenna, 1995; Wang, 2001). 

Character 97: Infraorbital canal — (0) 
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long, (1) short, or (2) anteriorly extended. 
Luckett and Hartenberger (1993) considered 
a short infraorbital canal a derived feature for 
gliroid mammals. Li and Ting (1985) scored 
a short infraorbital canal for leptictids and 
gliroid mammals. However, Novacek 
(1986b) considered the canal in leptictids to 
be moderately short, and recognized this as 
a derived condition. Li et al. (1987) em¬ 
ployed a short infraorbital canal to group 
lagomorphs, eurymylids, and rodents, but not 
mimotonids. Recent studies demonstrated 
that the infraorbital canal in mimotonids is 
also short (Li and Ting, 1993; McKenna, 
1994). In geomyoid rodents, the infraorbital 
canal is anteriorly extended so that the an¬ 
terior opening (infraorbital foramen) of the 
canal is at the middle of the rostrum, near 
the premaxilla-maxillary suture (Wahlert, 
1983, 1985). This is probably related to the 
elongation of the rostrum and anterior shift 
of the attachment site for the masseteric mus¬ 
cle, as well as the modification of the canal 
itself. It has been postulated that the geo¬ 
myoid condition is a secondary closing over 
of the dorsal portion of the myomorphic in¬ 
fraorbital foramen by a hypertrophid zygo¬ 
matic plate; therefore, geomyoids do not 
have a true infraorbital canal (Landry, 1999). 
An elongate rostrum does not always corre¬ 
spond to a long infraorbital canal. For in¬ 
stance, the rostrum of the Tsaganomys is sig¬ 
nificantly extended, but its infraorbital canal 
remains short. 

Character 98: Infraorbital foramen — (0) 
small and circular, (1) small and com¬ 
pressed, (2) small and sunk into side of ros¬ 
trum, (3) extremely large, or (4) keyhole - 
shaped. The infraorbital foramen is the an¬ 
terior opening of the infraorbital canal and is 
primitively small and circular. In rodents, the 
foramen has been greatly modified in relation 
to diversification and anterior shift of the jaw 
muscles and to reconfiguration of the skull. 
In protrogomorphous rodents, the infraorbital 
foramen is small and circular, as in most oth¬ 
er eutherians. In hystricomorphous rodents, 
the infraorbital foramen is extremely large, 
which allows the medial masseter to pass 
through the foramen and attach to the lateral 
surface of the rostrum. In sciuromorphous 
rodents, the lateral masseter muscle extends 
to the side of the rostrum over the zygomatic 


plate formed by the maxilla, not passing 
through the infraorbital foramen; the infra¬ 
orbital foramen is small and more anterior. 
Because of the muscle attachment, the fora¬ 
men is transversely compressed. In geo¬ 
myoid rodents the infraorbital foramen is not 
visible anteriorly because its lateral margin 
is flush with the wall of the snout (Wahlert, 
1985). Again, this condition may be derived 
from the myomorphous condition (Landry, 
1999). In myomorphous rodents the foramen 
is keyhole-shaped. The medial masseter mus¬ 
cle passes through the foramen as in hystri¬ 
comorphous rodents, whereas the lateral 
masseter is attached in front of the eye on 
the zygomatic plate of the maxilla as in sciu¬ 
romorphous rodents. Although not included 
in our analysis, we note that Bathyergidae is 
protrogomorphous but hystricognathous. The 
protrogomorphy was derived from the hys¬ 
tricomorphous condition (Bryant and Mc¬ 
Kenna, 1995), so that Bryant and McKenna 
(1995) scored the hystricomorphous condi¬ 
tion for Bathyergidae. Landry (1999) consid¬ 
ered secondarily reduced infraorbital fora¬ 
men a typical character of Bathyergidae. In 
addition, the high round infraorbital foramen 
of Rhizomys (not included in the study) is 
transformed from the myomorphous condi¬ 
tion (Flynn et al., 1985). 

Character 99: Postglenoid foramen — (0) 
medial to glenoid process, (1) on ventral side 
of basicranium and posterior to postglenoid 
process, (2) in glenoid fossa within the squa¬ 
mosal, (3) on lateral side of skull and be¬ 
tween squamosal and ectotympanic or petro¬ 
sal, (4) on lateral side of skull within squa¬ 
mosal, or (5) concealed by bulla. The post¬ 
glenoid foramen opens ventral and medial to 
the glenoid process in Asioryctes and Ken- 
nalestes (Kielan-Jaworowska, 1981; Rougier 
et al., 1998). Rougier et al. (1998) also 
scored the same state for Zalambdalestes. 
However, from the illustration of that taxon 
(Kielan-Jaworowska, 1984a: fig. 1), the post¬ 
glenoid foramen in Zalambdalestes is pos¬ 
terior to the glenoid process, as in Barunles- 
tes (Kielan-Jaworowska and Trofimov, 
1980). Rougier et al. (1998) scored the me¬ 
dially placed postglenoid foramen as state 
“2” for the selected group in their analysis, 
whereas we score this state as “0” because 
of the different ingroup. Wahlert (1974) con- 
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sidered that the postglenoid foramen in ro¬ 
dents pierces the squamosal bone ventral to 
the zygomatic root and posteromedial to the 
glenoid fossa. However, Wahlert’s observa¬ 
tion is based mainly on skulls of Marmota 
monax and, as noted by Wahlert (1974), 
many Marmota skulls do not have this fo¬ 
ramen. Related to the postglenoid foramen is 
the temporal foramen. Wahlert (1974: 374) 
wrote: “The temporal foramen is absent in 
Marmota. When present it is within the squa¬ 
mosal bone or in the squamoso-parietal su¬ 
ture, usually posterodorsal to the root of the 
zygomatic arch. It serves the same function 
as the postglenoid foramen and can take over 
the entire function of that opening.” The 
temporal foramen was illustrated on the skull 
of Marmota (Wahlert, 1974: fig. 1). A fora¬ 
men in a similar position in fossil taxa ( Par- 
amys, Reitliroparamys, Sciuravus, Ischyro- 
mys, Ardynomys, and Prosciurus ) was iden¬ 
tified as the postglenoid foramen (Wahlert, 
1974). In these forms, at least one temporal 
foramen coexists. In muroids, such as sig- 
modontines (Voss, 1988), the postglenoid fo¬ 
ramen is dorsal to the external auditory me¬ 
atus, between the bulla and the squamosal. 
Novacek (1985) considered absence of the 
postglenoid foramen to be a shared derived 
feature for Rodentia and Lagomorpha. In a 
later study, Novacek (1986b) called the fo¬ 
ramen on the lateral side of the squamosal 
the pseudopostglenoid foramen and regarded 
it as a shared derived condition for rodents 
and lagomorphs. In all hystricognath and 
ctenodactylid (entodactyans of Landry, 
1999) rodents, the foramen is between the 
squamosal and ectotympanic (Landry, 1999). 
In Erethizon and Dasyprocta a small gap is 
found between the squamosal and ectotym¬ 
panic, but whether it represents a functional 
postglenoid foramen is unclear. We follow 
Landry (1999) in scoring the character for 
these two taxa. In fossil species, the post¬ 
glenoid foramen is usually unclear because 
of poor preservation. In Tsaganomys, how¬ 
ever, it is within the squamosal (AMNH 
19019, 21675). The postglenoid foramen 
concealed ventrally by a trabeculated, flat¬ 
tened auditory bulla is a unique state in Cy- 
nocephalus (Novacek, 1986b). In Anagale, 
the foramen is medial to the glenoid process. 

Character 100: Left and right optic fo¬ 


ramina — (0) separate, or (1) confluent ante¬ 
riorly along the skull midline (*73). 

Character 101: Nasolacrimal foramen — 
(0) in orbit, or (1) anterior to orbit. The na¬ 
solacrimal (lacrimal) foramen transmits the 
lacrimal duct (Wahlert, 1974). The duct runs 
from the foramen near the eye to the base of 
the nasal cavity and opens into the cavity. 
The foramen primitively lies inside the bony 
orbit in eutherians and Glires, except murids, 
myoxids, and dipodids, in which the foramen 
is anterior to the orbit (Frahnert, 1999). 

Character 102: Nasolacrimal foramen — 
(0) within lacrimal, (1) between lacrimal and 
maxilla, or (2) within maxilla. Commonly, 
the nasolacrimal foramen is situated in the 
lacrimal bone in eutherians except hyracoids, 
pholidotans, and some carnivores (Frahnert, 
1999). In most rodents and lagomorphs 
(Wahlert, 1974; Frahnert, 1999), including 
early forms such as Cocomys (Li et al., 
1989), the foramen is between the lacrimal 
and the maxilla. Only in some hystricognaths 
is the foramen completely within the lacri¬ 
mal, which Frahnert (1999) considered to be 
secondary because in early ontogeny of all 
sampled rodents, including hystricognaths, 
the nasolacrimal foramen is between the lac¬ 
rimal and maxilla (Dierbach, 1985; Frahnert, 
1999). However, because we score characters 
based on adult specimens, we code “0” for 
those hystricognaths that have the foramen in 
the lacrimal. In other hystricognathous ro¬ 
dents examined, including Myocastor and 
Erethizon, the foramen is in the maxilla. In 
Myocastor, a vestige of the lacrimal bone ap¬ 
pears to frame the posterior corner of the fo¬ 
ramen. The nasolacrimal foramen is situated 
in the maxilla as a pocketed-like structure in 
murids, myoxids, and dipodids in association 
with the specialized masseter muscle (Frah¬ 
nert, 1999). Although not included in our 
analyses, we mention that in Rhizomys the 
nasolacrimal foramen is primarily within the 
orbit and is completely in the maxilla im¬ 
mediately ventral to the infraorbital foramen. 
In Bathyergus the foramen is in the maxilla 
but differs from that of Rhizomys in that it is 
distantly separated from and dorsal to the in¬ 
fraorbital foramen. 

Medial to the nasolacrimal foramen and 
canal, there is a large, circular opening in the 
orbit of Cavia. Cooper and Schiller (1975: 
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19) described: “The ‘orbital hiatus’ ( Hiatus 
orbitalis), a large channel communicating 
between the orbit and the nasal cavity, is at 
the dorsorostral border of the orbit and is 
bounded medially by the ethmoid, ventrally 
by the maxilla, laterally by the lacrimal, and 
dorsally by the frontal and lacrimal. It is cov¬ 
ered by a fibrous membrane which is not 
pierced by any vessels or nerves.” This 
structure is unique to Cavia and is not found 
in any other rodents or eutherian mammals 
we examined; therefore, we did not include 
it as a character. 

Character 103: Nasolacrimal duct — (0) 
having no relation with incisor, (1) lateral to 
posterior part of incisor, or (2) medial to in¬ 
cisor. The course of the nasolacrimal duct 
has been recognized as a critical feature for 
rodent relationships (Frahnert, 1999; Landry, 
1999). The duct running medial to the pos¬ 
terior part of the incisor is present in cteno- 
dactylids, hystricognaths, and heteromyids 
(Frahnert, 1999), whereas in other rodents, 
the duct is lateral to the posterior portion of 
the incisor. Landry (1999) coined two terms 
for these conditions: “entodacry” and “ec- 
todacry”, and bracketed the Hystricognathi 
and ctenodactylids in a new group “Ento¬ 
dacry a”. Landry did not include heteromyids 
within the new group, although they have the 
entodacry condition, according to Frahnert 
(1999). Landry did not create a counterpart 
Ectodacrya for the other rodents. As Frahnert 
(1999) pointed out, because the enlarged in¬ 
cisor is not present in most eutherians, a 
meaningful comparison of the course of the 
nasolacrimal duct is difficult. For that reason, 
we consider the duct having no relation with 
the incisor as the state for nongliroid mam¬ 
mals. For gliroid taxa, Frahnert (1999) con¬ 
sidered that the lateral course of the nasolac¬ 
rimal duct is probably primitive for Glires for 
two reason. First, the duct runs lateral to the 
incisor in Daubentonia and lies lateral in the 
skull in Tupaia. Second, taxa displaying ple- 
siomorphic characters in rodents, such as 
aplodontids and sciurids, have the lateral 
course of the nasolacrimal duct. The course 
of the nasolacrimal duct can be estimated by 
the positions of the lacrimal foramen and the 
incisor, but this cannot be decisive. There¬ 
fore, the scores of this character in fossils are 
tentative. In some cases, such as Hydrocho- 


erus and Agouti (not included in our analy¬ 
ses), the incisor is relatively short and the 
nasolacrimal duct is more posteriorly situat¬ 
ed, so that it is unclear whether the duct 
would be lateral or medial to the incisor. 

Character 104: Lateral vacuity of naso¬ 
lacrimal duct — (0) absent, or (1) present. 
The lateral wall of the nasolacrimal duct is 
partially lost in Cavia, Dasyprocta, and Nca¬ 
l'corny s, which creates a large opening on the 
medial wall of the infraorbital canal. 

Character 105: Foramen ovale — (0) be¬ 
tween alisphenoid and squamosal, (1) within 
alisphenoid, or (2) between alisphenoid and 
petrosal or bulla. The foramen ovale is pos¬ 
terolateral in the pterygoid region and trans¬ 
mits the mandibular branch of the trigeminal 
nerve and a minute meningeal artery (Wah- 
lert, 1974). This foramen occurs in all mam¬ 
mals selected for the study, but its position 
varies. Judging from illustrations (Kielan-Ja- 
worowska, 1981: figs. 2, 4), the foramen in 
Asioryctes is largely within the alisphenoid 
but is narrowly closed off by the squamosal 
posteriorly. Rougier et al. (1998) considered 
the foramen “in alisphenoid or between ali¬ 
sphenoid and squamosal” as one state. We 
consider it as two. 

Character 106: Dorsal palatine fora¬ 
men — (0) in palatine, (1) situated between 
palatine and maxilla, (2) in maxilla, or (3) 
absent. The dorsal palatine foramen leads 
into the palatine canal through the palatine 
bone and transmits the descending palatine 
artery and nerve (Wahlert, 1974). In many 
gliroid mammals, this foramen is situated be¬ 
tween the palatine and maxilla in the floor of 
the orbit. In Rhombomylus and Matutinia, the 
palatine foramen is very small; its dorsal 
opening is not identified but is possibly with¬ 
in the slitlike depression we identified as the 
sphenopalatine foramen between the palatine 
and maxilla. We tentatively score state 1 for 
these two taxa. The condition in Barunlestes 
and Zalambdalestes varies. A large foramen 
is present lateral to M3 (Kielan-Jaworowska, 
1984a, 1984b; Kielan-Jaworowska and Tro¬ 
fimov, 1980), similar to the condition of Lep- 
tictis (Novacek, 1986b). In Zalambdalestes, 
the foramen is between the palatine and max¬ 
illa, whereas in Barunlestes it is within the 
maxilla. In hystricognath rodents, the orifices 
of the palatine canals on the palate are either 
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absent, as in Dasyprocta, or reduced and 
asymmetrically positioned, as in Myocastor 
and Cavia. Owing to the posterior shift of 
the orbit, the dorsal postpalatine foramen ap¬ 
pears absent in the orbit. 

Character 107: Supraorbital foramen — 
(0) absent, or (1) present. The supraorbital 
foramen pierces the supraorbital process of 
the frontal that forms the anterior portion of 
the orbital roof. This foramen was identified 
in Anagalopsis (Bohlin, 1951) and is present 
in Tupaia and Cynocephalus. 

Character 108: Sphenopalatine fora¬ 
men — (0) in palatine, (1) between palatine 
and maxilla, (2) within maxilla, or (3) be¬ 
tween maxilla and orbitalsphenoid. The 
sphenopalatine foramen transmits the sphe¬ 
nopalatine nerve, artery, and vein. Its posi¬ 
tion varies among rodents and other mam¬ 
mals (Wahlert, 1974). In Barunlestes the fo¬ 
ramen is within the maxilla (Kielan-Jawo- 
rowska and Trofimov, 1980), a condition 
similar to that of Paradjidaumo (Wahlert, 
1978). With the exclusion of the palatine 
from the orbital region in ctenodactylids and 
hystricognaths, the sphenopalatine foramen 
is situated between the maxilla anteriorly and 
orbitosphenoid posteriorly (Lavocat, 1974a; 
Landry, 1999). However, because of the pos¬ 
terior shift of the orbit in ctenodactylids and 
hystricognaths, the structures in the orbit are 
remodeled. We have not been able to verify 
the condition of the sphenopalatine foramen 
in those rodents and thus tentatively follow 
Lavocat (1974a) and Landry (1999) in scor¬ 
ing this character. However, we note a slitlike 
opening in the maxilla ventromedial to the 
lacrimal foramen in Myocastor, Dasyprocta, 
and Cavia (in which the opening is medial 
to the “orbital hiatus”)- The position of this 
opening is similar to the sphenopalatine fo¬ 
ramen in Erethizon and other eutherians. In 
Castor (not included in the analysis) the pal¬ 
atine is also excluded from the orbital region, 
and the sphenopalatine foramen is within the 
large orbital wing of the maxilla, similar to 
that of Erethizon. 

Character 109: Posterior maxillary 
notch — (0) weak, (1) closed to form a fora¬ 
men, or (2) forming a deep socket. The pos¬ 
terior maxillary notch is usually between the 
posterior end of the maxilla and the ptery¬ 
goid extension of the palatine; it transmits 


the descending palatine vein (Wahlert, 1974). 
When the notch is closed, a foramen is 
formed. In macroscelideans, the notch is 
deep and large and is situated in the palatine. 

Character 110: Alisphenoid canal — (0) 
absent, or (1) present. In rodents, the ali¬ 
sphenoid canal passes through the alisphe- 
noid bone and transmits the internal maxil¬ 
lary artery and vein (Wahlert, 1974). The ali¬ 
sphenoid canal is present in Zalambdalestes 
(Rougier et al., 1998), but is unknown in Ba¬ 
runlestes. In rodents, the shape and size of 
the canal vary considerably; it may be open, 
as in Cavia (Cooper and Schiller, 1975). 

Landry (1999) considered a lateral ali¬ 
sphenoid canal to be a synapomorphy for 
Glires. This is a channel for the masticatory 
branch of the mandibular nerve that runs par¬ 
allel to the alisphenoid canal and ends in the 
masticatory foramen (Wahlert, 1974). As al¬ 
ready noted by Landry, we found the con¬ 
dition of this canal to vary drastically, and in 
some cases difficult to identify; therefore, we 
do not include this character in this analysis. 
Future work may clarify its significance. 

Character 111: Sphenopterygoid canal — 
(0) absent, or present (1). According to Wah¬ 
lert (1974), the sphenopterygoid canal leads 
from the pterygoid fossa to the sphenoid fis¬ 
sure and transmits the internal maxillary ar¬ 
tery; it is found only in geomyoids. The pter¬ 
ygoid fossa is the area for the origin of the 
internal pterygoid muscle. In primitive con¬ 
dition, this fossa is floored. Bryant and Mc¬ 
Kenna (1995) used the character “pterygoid 
fossa solid (0) and perforate (1)” in their 
analysis that primarily concerns hystricog- 
nathous rodents. Their character appears to 
be equivalent to the sphenopterygoid canal. 
According to these authors, the derived con¬ 
dition occurs independently in Hystricogna- 
thi (with the exception of Hydrochoerus, in 
which the end of the fossa is blocked by 
M3), geomyoids, Spalax, and Aplodontia 
(see also Tullberg, 1899; Patterson and 
Wood, 1982). However, the condition in 
Aplodontia appears different. The canal is 
better interpreted as the alisphenoid canal, 
which opens posteriorly at the posterolateral 
side of a small, but solid, pterygoid fossa. 
Landry (1999) considered that the pterygoid 
fossa “breaks through to the orbit, so that the 
internal pterygoid muscle elongates” a syn- 
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apomorphy for Hystricognathi, and noticed 
that this condition also occurs in geomyids. 
We follow Landry in scoring this character 
for rodents. The sphenopterygoid canal is 
also found in lagomorphs. 

Character 112: Sphenopalatine vacuity — 
(0) absent, or (1) present. This foramen ex¬ 
ists in the roof of the choana, between the 
palatine and pterygoid. Cooper and Schiller 
(1975: figs. 2—4, 2—5) referred to the opening 
in Cavia as the “sphenopalatine foramen”, 
which is different from the usage of the term 
in this and other studies (e.g., Wahlert, 1974; 
Novacek, 1986b). This opening is named the 
sphenopalatine vacuity (Wahlert et al., 1993; 
Voss, 1988), which we follow here. 

Character 113: Supraorbital notch — (0) 
absent, (1) present, or (2) closed to form a 
foramen. The supraorbital notch is an inden¬ 
tation in the supraorbital crest of the frontal 
bone. It permits passage of the frontal branch 
of the ophthalmic nerve and the superior 
ophthalmic artery to the top of the head and 
is present only in sciurids among rodents 
(Wahlert, 1974). A similar notch is present 
in Rhynchocyon. In Cynocephalus and Tu- 
paia, a foramen is formed. A similar foramen 
is also present in Dasyprocta. 

Character 114: Mastoid foramen — (0) 
two foramina in mastoid, (1) single within 
mastoid, (2) between mastoid and supraoc- 
cipital, or (3) absent. There are two mastoid 
foramina in the mastoid in Asioryctes, Ken- 
nalestes, and Zalambdalestes (Kielan-Jawo- 
rowska, 1981, 1984a). The mastoid foramen 
is usually single and situated on the occipital 
region between the mastoid of the petrosal 
and the supraoccipital (Wahlert, 1974) in 
many eutherians where the foramen is pre¬ 
sent. In Rhombomylus and Matutinia, the 
mastoid is inflated, and the single mastoid 
foramen is situated near the lambdoidal crest. 

Cranial Elements 

Character 115: Skull — (0) flat dorsally, or 
(1) arched. In lateral view, the profile of the 
skull roof in leporids shows a distinctive 
bending. McKenna (1982) considered an 
arched skull to be present only in leporids. 
In ochotonids, however, the condition varies. 
For instance, the skull roof is relatively flat 
in Ochotona princeps, but shows the bending 


in Ochotona curzoniae. Therefore, we score 
a “0/1” for Ochotona. 

Character 116: Nasal — (0) narrow ante¬ 
riorly but expanded posteriorly, (1) nearly 
parallel, (2) broad anteriorly but narrow 
posteriorly, (3) broad throughout with 
rounded posterior margin, or (4) broad 
throughout with V-shaped posterior margin. 
Novacek (1985) considered a flared anterior 
nasal a synapomorphy for rodents and lago¬ 
morphs. Frahnert (1999) assumed the ante¬ 
riorly flared nasal to be the morphotype for 
Glires. The nasal shows a variety of mor¬ 
phologies among the taxa selected for this 
study. For most gliroid forms, the anterior 
nasal flares to various degrees. However, the 
nasal in ochotonids is relatively narrow and 
parallel. In leporids the nasal is broad and 
gradually expanded posteriorly, and it ends 
with a V-shaped posterior margin. In most 
hystricognath rodents, the nasals are broad 
and end with rounded posterior margins. In 
lagomorphs and most hystricognath rodents, 
the anterior nasal is not flared. The nasal of 
Tsaganomys is flared anteriorly. 

Character 117: Premaxilla-frontal su¬ 
ture — (0) simple, or (1) intensively interdig- 
tized. The posterior end of the premaxilla 
primitively has a simple contact with the 
frontal. In Mus, Rattus, Rhombomylus, and 
Matutinia (Ting et al., 2002), the suture is 
extensively interdigtized. 

Character 118: Premaxilla — (0) small 
without a posterior process, (1) with a long 
posterior process, (2) long posterior process 
contacting frontal broadly (wider than the 
nasal-frontal contact), (3) contacting frontal 
narrowly, or (4) process long and needle- 
shaped inserting in frontal (*63). Differing 
from Meng and Wyss (2001), we recognize 
a different state for lagomorphs, in which the 
posterior process of the premaxilla is needle¬ 
like, with its tip inserting in the frontal. This 
condition is considered an apomorphy of 
lagomorphs (Frahnert, 1999). In Hydrocho- 
erus, the condition is somewhat similar to 
that of lagomorphs. In rodents with large 
body size and broad rostrum, the premaxilla- 
frontal contact may be wide but usually does 
not surpass the nasal-frontal contact. Excep¬ 
tions are present in Bathyergoides, Para- 
phiomys (Lavocat, 1973), Tsaganomys (Bry¬ 
ant and McKenna, 1995), and sciurids and 
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aplodontids (Frahnert, 1999), in which the 
premaxilla-frontal contact is much more ex¬ 
tensive than that of the nasal-frontal. 

Character 119: Premaxilla on rostrum — 
(0) small, (1) substantial but tapering ante¬ 
riorly, or (2) substantial and deep anteriorly. 
The premaxilla primitively has a small ex¬ 
posure on either the ventral or lateral surface 
of the rostrum in most eutherian mammals, 
but is large in Glires, corresponding to the 
enlarged upper incisor. In Zalambdalestes 
and Barunlestes, the premaxilla shows some 
degree of expansion, and it was reconstructed 
as large, although the upper incisors are not 
enlarged in these forms (Kielan-Jaworowska, 
1975). The premaxilla of Kulbeckia is less 
expanded in comparison with the recon¬ 
structed condition of Zalambdalestes and Ba¬ 
runlestes. Because the rostral region of 
known Zalambdalestes and Barunlestes 
specimens is generally poorly preserved, the 
reconstructed premaxilla of these taxa needs 
to be confirmed with better material in the 
future. We tentatively score state 1 for these 
two taxa. In lagomorphs and some rodents, 
the premaxilla is substantial and tapers an¬ 
teriorly. A similar condition is present in Ple- 
siadapis, which has an enlarged upper inci¬ 
sor, but not in Notharctus and Adapis, which 
have small upper incisors. In most hystricog- 
nath and many geomyoid rodents, the pre¬ 
maxilla is very deep on the rostrum so that 
it has a rectangular shape in lateral view. 

Character 120: Transverse constriction of 
the palate at the rostrum — (0) absent, or (1) 
present. The derived condition appears in 
geomyoid rodents, in which the palate be¬ 
tween the incisor and the cheek teeth is very 
narrow. 

Character 121: Fenestration of maxilla — 
(0) absent, or (1) present (*66). 

Character 122: Antorbital fossa — (0) ab¬ 
sent, (1) shallow, associated with lateral ex¬ 
tension of the zygomatic arch, or (2) distinc¬ 
tive (*67). 

Character 123: Posterior edge of anterior 
zygomatic root — (0) posteriorly situated, (1) 
aligning with M2 or Ml, or (2) anterior to 
Ml (*58). Korth (1984: 64) pointed out that 
“posterior margin of the anterior root of the 
zygoma even with the posterior margin of 
P4” is a primitive feature for subgroups of 
rodents; advanced rodents may have the zy¬ 


goma extended even more anteriorly. The ex¬ 
tremity is in Pedetes (not included in our 
analysis), in which the zygomatic root reach¬ 
es the middle of the rostrum. 

Character 124: Ventral projection of 
maxilla at anterior zygomatic arch — (0) ab¬ 
sent, (1) present, or (2) strong and double 
(*59). State 2 was modified from Meng and 
Wyss (2001), in which it was considered an 
autapomorphy for Rhombomylus. New spec¬ 
imens show that Matutinia shares with 
Rhombomylus the same condition (Ting et 
al., 2002).’ 

Character 125: Zygomatic fossa for mas- 
seter lateralis — (0) absent, (1) present, or (2) 
broad (*60). Differing from Meng and Wyss 
(2001), we add state 2 for Rhombomylus and 
Matutinia. The condition in Rhombomylus 
and Matutinia differs from that of lago¬ 
morphs in being broad. 

Character 126: Zygomatic plate — (0) ab¬ 
sent, (1) partial (myomorph type), (2) com¬ 
plete (sciuromorph type), or (3) extensive 
(geomorph type). Traditionally, four types of 
cranial morphologies are recognized for ro¬ 
dents: protrogomorph, sciuromorph, hystri- 
comorph, and myomorph. Each type consists 
of several features, most notably the infra¬ 
orbital foramen and the structure of the zy¬ 
gomatic arch. In the protrogomorph and hys- 
tricomorph skulls, the origins of the lateral 
and superficial masseters are similarly on the 
ventral surface of the anterior zygomatic 
arch, but the origin of the medial masseter in 
the latter is shifted anteriorly through the 
large infraorbital canal. In both, a zygomatic 
plate of the maxilla is not present. In protro¬ 
gomorph and sciuromorph skulls, the origin 
of the medial masseter is similarly on the in¬ 
ner surface of the anterior zygomatic arch, 
but the origin of the lateral masseter in the 
latter is shifted anteriorly. A large, inclined 
zygomatic plate of the maxilla is formed for 
the attachment of that muscle. In myomorph 
skulls, both origins of the lateral and medial 
masseters are shifted anteriorly. A partial zy¬ 
gomatic plate is formed in conjunction with 
a large, keyhole-shaped infraorbital foramen. 
Therefore, modification of the infraorbital 
canal is primarily related to the anterior shift¬ 
ing of the medial masseter, whereas the for¬ 
mation of the zygomatic plate is related to 
that of the lateral masseter. An incipient zy- 
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gomatic plate appears in Ischyromys and 77- 
tanotheriomys (not included in the analysis). 
A special case is the geomyoid skull. As 
Landry (1999) proposed, the sciuromorph 
type of zygomatic arch in geomyoids may 
have evolved by closing over the dorsal part 
of the myomorphic infraorbital foramen by a 
hypertrophied zygomatic plate. 

Character 127: Orbits — (0) posteriorly 
positioned, (1) shifted anteriorly, or (2) far¬ 
ther posteriorly shifted (*74). In gliroid 
mammals, the anterior edge of the orbit 
aligns with the P4 or farther anterior, which 
is more anteriorly situated than that in other 
mammals (Li et al., 1987; Meng et al., 1994). 
In addition to the conditions discussed by 
Meng and Wyss (2001), we also observe that 
the orbit of some hystricognath rodents is 
significantly more posterior. This change of 
relative position of the orbit is not owing to 
anterior shift of the cheek teeth; the teeth are 
posteriorly positioned in those forms as well. 
We consider the condition to be different 
from the state “0”, and coded it as a separate 
condition. In Cynochephalus, the orbit is en¬ 
larged and somewhat anteriorly shifted as in 
gliroid mammals. 

Character 128: Orbit — (0) facing later¬ 
ally, or (1) more anteriorly (*76). 

Character 129: Anteroventral rim of or¬ 
bit — (0) rounded, or (1) squared. The anter¬ 
oventral rim of the orbit is usually smoothly 
rounded. In leporids this region is squared 
up. 

Character 130: Alveolus of cheek teeth 
intruding into orbit floor — (0) absent, or (1) 
present. The orbital floor is formed by the 
maxilla and is usually flat. In leporids, the 
hypsodont cheek teeth extend in their alveoli 
and form a platform projecting dorsally in 
the orbit floor. 

Character 131: Hard palate — (0) long, or 
(1) short (*64). 

Character 132: Orbital wing of the pal¬ 
atine — (0) present, or (1) absent. In hystri¬ 
cognath and ctenodactylid rodents, the orbit¬ 
al wing of the palate is generally reduced and 
restricted in the back of the orbit (Lavocat, 
1974a, 1994b; Landry, 1999). 

Character 133: Palatine-lacrimal con¬ 
tact — (0) present, or (1) absent. The out¬ 
group condition is unknown. A narrow pal¬ 
atine-lacrimal contact is present in Barunles- 


tes (Kielan-Jaworowska and Trofimov, 
1980). Li et al. (1987) considered absence of 
lacrimal-palatine contact a synapomorphy for 
rodents, lagomorphs, and eurymylids. A sim¬ 
ilar condition, however, exists in other taxa, 
such as Plesiadapis (Gingerich, 1976). 

Character 134: Lacrimal projection — (0) 
absent, or (1) present. A distinct projection 
from the lacrimal is present in some geo¬ 
myoid rodents such as Florentiamys and 
Gregorymys. 

Character 135: Lacrimal — (0) present, 
(1) greatly reduced or absent, or (2) re¬ 
placed by membrane. In Myocastor the lac¬ 
rimal is greatly reduced to a small piece sit¬ 
ting in the lacrimal foramen. A similar con¬ 
dition is present in Erethizon (Bathyergus , as 
well). Although the nasolacrimal foramen is 
in the maxilla in Rhizomys, the lacrimal is 
still present and medial to the foramen. In 
muroid rodents, the inner wall of the infra¬ 
orbital canal is extensively eroded and the 
bony wall is replaced by a membrane, so that 
the bony lacrimal canal is lost (Landry, 
1999). However, the lacrimal is present in 
Cricetops (Carrasco and Wahlert, 1999). 

Character 136: Lacrimal facial process — 
(0) present, or (1) absent. A distinct facial 
process of the lacrimal has been considered 
a primitive condition in eutherians (Novacek, 
1986a). In Glires, the lacrimal usually has a 
narrow or no facial process. In some hysti- 
cognaths, such as Dasvprocta and Cavia, the 
process is distinct. 

Character 137: Jugal-lacrimal contact — 
(0) present, or (1) absent. The jugal was re¬ 
constructed to contact the lacrimal in Asior- 
yctes, Kennalestes, and probably in Zalamb- 
dalestes, but the relationship is unclear in 
Barunlestes (Kielan-Jaworowska, 1975). 
This contact is lost in various taxa of the se¬ 
lected group. The anterior suture of the jugal 
with maxilla is fused in early ontogeny in 
lagomorphs. Whether it contacts the lacrimal 
is uncertain, although it appears unlikely. We 
score “?” for lagomorphs in this and the fol¬ 
lowing character. 

Character 138: Jugal — (0) dorsally over¬ 
lapping maxilla, or (1) end-to-end contact 
with maxilla. The jugal commonly overlaps 
the maxilla along the zygomatic arch. The 
contact is end-to-end in Notharctus, Adapis, 
and hystricognath rodents. 
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Character 139: Posterior projection of 
jugal — (0) absent, (1) present, or (2) elon¬ 
gate. The jugal forms the central part of the 
zygomatic arch. In lagomorphs, the jugal ex¬ 
tends posteriorly behind the glenoid fossa 
and forms a projection of varied size (Lan¬ 
dry, 1999). Novacek (1985) considered a 
posterior ventral zygomatic process, which is 
equivalent to our posterior projection of the 
jugal, to be a synapomorphy for Lagomor- 
pha. The posterior projection is greatly elon¬ 
gated in ochotonids. 

Character 140: Jugal — (0) large, or (1) 
reduced. A large jugal is present in Kenna- 
lestes and Asioryctes (Kielan-Jaworowska, 
1975; Novacek et al., 1997). Landry (1999: 
308) considered that “A reduced jugal bone 
reaching neither the lacrimal in front nor the 
glenoid fossa in the rear” to be a common 
feature for geomyoids and murids. 

Character 141: Jugal contribution to 
glenoid fossa — (0) absent, (1) forming lateral 
wall of the fossa, or (2) forming anterolat¬ 
eral corner of the fossa. In some hystricog- 
nath rodents, the jugal extends posteriorly to 
the lateral side of the glenoid fossa and forms 
the lateral wall of a well-defined, trenchlike 
glenoid fossa. In Tsaganomys, the jugal is 
not preserved, but from the contact between 
the jugal and squamosal (Bryant and Mc¬ 
Kenna, 1995), the jugal contributes to the lat¬ 
eral wall of the glenoid fossa. In Cynoce- 
phalus the jugal forms the anterolateral cor¬ 
ner of the transverse glenoid fossa. 

Character 142: Dorsal process of jugal — 
(0) absent or weak, (1) strong, or (2) con¬ 
necting the postorbital process of frontal. 
The jugal has a distinctive dorsal process that 
defines the posteroventral edge of the orbit 
in Rhombomylus and Matutinia. In Tupaia 
and primates, this process dorsally contacts 
the postorbital process of the frontal to en¬ 
close the orbit. 

Character 143: Jugal ventral process in 
zygomatic arch — (0) absent, or (1) present. 
A ventral process of the jugal in the zygo¬ 
matic arch is present only in Rhombomylus 
and Matutinia. 

Character 144: Anterior projection of 
frontal between premaxilla and maxilla — (0) 
absent, or (1) present (*65). 

Character 145: Postorbital process of 
frontal — (0) absent, (1) present, or (2) con¬ 


tacting jugal process to form a complete ring 
(*75). 

Character 146: Supraorbital crest — (0) 
absent, or (1) present. The dorsal rim of the 
orbit is formed by the frontal and is usually 
blunt. In many eutherians, a shelflike crest is 
developed, often associated with an enlarged 
orbit. 

Character 147: Glenoid fossa — (0) trans¬ 
verse and concave, (l)flat, (2) longitudinally 
elongate and concave, (3) longitudinal in a 
well-defined trough, or (4) longitudinal but 
greatly shortened (61*). Differing from 
Meng and Wyss (2001), we recognize an ad¬ 
ditional state for some hystricognathous ro¬ 
dents. In most rodents, the fossa is longitu¬ 
dinal and rounded. In some hystricognathous 
rodents, the glenoid fossa becomes deep and 
well defined by the squamosal and jugal. 

Character 148: Postglenoicl process — (0) 
present, (1) rudimentary, or (2) absent (*62). 
A rudimentary postglenoid process occurs in 
Rhynchocyon and Elephantulus. A distinct 
process is present in various other nongliroid 
mammals. The process is absent in gliroid 
mammals. 

Character 149: Glenoid fossa — (0) near 
the auditory region, or (1) anterodorsal. In 
most eutherians the glenoid fossa is lateral to 
the middle-ear region. In Glires the glenoid 
fossa, and therefore the jaw articulation and 
the posterior root of the zygomatic arch, has 
moved a considerable distance anterodorsally 
(Van Kampen, 1905; Landry, 1999). 

Character 150: Orbital process of ali¬ 
sphenoid — (0) significant, or (1) greatly re¬ 
duced. The aplisphenoid usually has a sig¬ 
nificant orbital wing that forms part of the 
lateral wall of the braincase in eutherians. In 
hystricognath rodents, this process is greatly 
reduced. 

Character 151: Alisphenoid-frontal con¬ 
tact — (0) absent, or (1) present. When the 
alisphenoid contacts the frontal, the parietal- 
orbitosphenoid contact is lost. Landry (1999: 
293) considered “very large orbitosphenoid, 
separating the frontal from the alisphenoid” 
as a typical lagomorph character. Li et al. 
(1987) considered a large orbitosphenoid that 
is high in the orbit a synapomorphy of ro¬ 
dents. In hystricognath rodents, the alisphe¬ 
noid-frontal contact is absent. Lack of the 
alisphenoid-frontal contact is not necessarily 


2003 


MENG ET AL.: RHOMBOMYLUS 


135 


associated with reduction of the orbital pro¬ 
cess of the alisphenoid. For instance, the or¬ 
bital process of the alisphenoid is large in 
lagomorphs, but it is separated from the fron¬ 
tal by a narrow orbitosphenoid-squamosal 
connection. In Cynocephalus the squamosal 
also contacts the frontal dorsal to the ali- 
sphenoid-frontal contact. This condition is 
not observed in other taxa under study, and 
is not used as a character. 

Character 152: Alisphenoid-parietal con¬ 
tact — (0) present, (1) absent owing to a nar¬ 
row squamosal-frontal contact, or (2) absent 
owing to a broad squamosal-frontal contact. 
In most lagomorphs and rodents, the alisphe¬ 
noid is separated from the parietal by a broad 
squamosal-frontal contact. In Paramys 
(Wood, 1962; Wahlert, 1974) the alisphenoid 
has a narrow contact with the parietal. In Co- 
comys (Li et al., 1989) and Cricetops, the 
four elements are in conjunction, so that we 
score “0/1” for these taxa. 

Character 153: Hamulus-bulla contact — 
(0) absent, or (1) present. Landry (1999) 
pointed out that in rodents the hamulus 
reaches back to the ear region, arching over 
the opening of the pharyngeotympanic tube. 
It often touches or fuses with the bulla. This 
condition is present in Rhombomylus and 
Matutinia, but unknown in many early gli- 
roid forms. This connection is also not ob¬ 
served in specimens of many extant rodents. 
It is likely that this connection is absent in 
hystricognathous rodents, based on the spec¬ 
imens observed. 

Character 154: Interparietal — (0) absent, 
or (1) present. The interparietal is absent in 
Asioryctes, Kennalestes, and Zalambdalestes 
(Rougier et al., 1998). This bone is present 
in several groups of rodents. It is also present 
in lagomorphs except Prolagus (Dawson, 
1969). 

Character 155: Mastoid of petrosal — (0) 
small, or (1) inflated. Inflation of the mastoid 
of the petrosal occurs in Rhombomylus, Ma¬ 
tutinia, Incamys (Patterson and Wood, 1982), 
and Tataromys (Wang, 1997). 

Character 156: Exposure of mastoid of 
petrosal on skull roof—(()) absent, or (1) 
present. Character state 1 occurs in Rhom¬ 
bomylus and Matutinia (Ting et al., in press). 

Character 157: Mastoid exposure on oc¬ 
ciput — (0) present, or (1) absent. The mas¬ 


toid of the petrosal is usually exposed on the 
occiput of the skull in eutherians. In hystri¬ 
cognathous rodents the mastoid is covered 
posteriorly by the occipital. However, the 
mastoid is inflated in Incamys and is exposed 
in the occiput (Patterson and Wood, 1982). 
In Bathyergus, the mastoid tubercle of the 
paraoccipital is weak and the mastoid is ex¬ 
posed on the occiput, which differ from those 
of other hystricognathous rodents. 

Auditory Region 

Character 158: Bulla — (0) incomplete or 
ring-shaped, or (1) complete. The bulla is 
ring-shaped or incomplete in primitive 
forms, such as Asioryctes and Kennalestes. It 
becomes complete and fully encloses the 
tympanic cavity in many eutherian mam¬ 
mals. The composition of the bulla, however, 
differs from species to species (see below). 

Character 159: External auditory canal — 
(0) absent, or (1) present. The external au¬ 
ditory meatus is not necessarily associated 
with a complete bulla. For instance, in Reith- 
roparamys (Meng, 1990) and Cocomys (Li 
et al., 1989), the bulla is complete but the 
external auditory meatus is not developed. 

Character 160: Opening of external au¬ 
ditory meatus — (0) circular, or (1) notched. 
State 1 is present in some hystricognathous 
rodents, such as Incamys, Neoreomys, Das- 
yprocta, and Cavia. In Cavia, the notched 
region forms the opening of the infratympan- 
ic canal (Cooper and Schiller, 1975). 

Character 161: Internal bullar septa — (0) 
absent, (1) few, (2) numerous, or (3) bullar 
wall spongy. In Prolagus the bulla has a few 
internal septa, in contrast to Ochotona, in 
which the wall of the bulla is a mass of 
spongy bone, and to leporids, in which there 
is no bony septum (Dawson, 1969). 

Character 162: Alisphenoid contribution 
to bullar wall — (0) absent, or (1) present 
(*77). The compositions of the bulla in eu¬ 
therian mammals display a complicated pat¬ 
tern (Novacek, 1977, 1985, 1986b; MacPhee, 
1981). In an early study (Meng and Wyss, 
2001: 45), the bulla was coded as a multistate 
character: “Auditory bulla—(0) unossified, 
(1) formed primarily of entotympanic, (2) en- 
totympanic and ectotympanic, (3) petrosal, 
(4) ectotympanic, or (5) several elements.” 
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Here we code each of the bullar elements as 
an independent character. Alisphenoid con¬ 
tribution to the anterior bullar wall is found 
only in macroscelideans among selected 
taxa. 

Character 163: Ectotympanic — (0) ring- 
shaped or slightly expanded, (1) forming 
part of a compound bulla, or (2) forming the 
entire bulla. The ectotympanic is primitively 
horseshoe-shaped or slightly expanded as in 
Asioryctes and Kennalestes. It may partici¬ 
pate in the formation of a complete bulla that 
consists of several elements, as in macros¬ 
celideans. In gliroid mammals and ungulates, 
the ectotympanic is expanded to form the en¬ 
tire bulla (Novacek, 1985; 1986b; Luckett 
and Hartenberger, 1993). The bulla in Ana- 
galopsis was considered to be exclusively ec¬ 
totympanic (Bohlin, 1951). The bullar com¬ 
position of Anagale has been controversial. 
Simpson (1931) observed a segment of a 
slender curved bone within the bulla of An¬ 
agale and interpreted it as the tympanic ring. 
Consequently, he thought the bulla of Ana- 
gale was purely of entotympanic origin. 
However, Bohlin (1951) pointed out that the 
bone fragment may be part of the malleus. 
McKenna (1963) confirmed that the bone 
fragment is merely part of the bullar wall and 
thought that the bulla of Anagale was a com¬ 
pound ossification composed of both the en¬ 
totympanic and ectotympanic, because an an- 
kylosed suture was observed between the 
two. McKenna (1963) also commented that 
because Anagalopsis is an old individual, the 
ankylosis may be difficult or impossible to 
see. Before convincing evidence becomes 
available on the bullar composition of Ana¬ 
gale and Anagalopsis, we tentatively score 
state 1 for the former and 2 for the latter. 

Character 164: Entotympanic to bullar 
wall — (0) absent, (1) partial, or (2) substan¬ 
tial. State 2 exists in Leptictis (Novacek, 
1985, 1986b) and Tupaia (Novacek, 1980: 
fig. 6). 

Character 165: Petrosal contribution to 
bulla — (0) absent, (1) partial, (2) or entire. 
The petrosal expands to form the bulk of the 
bulla in “Euprimates” (Novacek, 1985, 
1986b). The bullar composition is unclear in 
Plesiadapis (see Meng and Wyss, 2001). 

Character 166: Course of distal internal 
carotid artery on promontorium — (0) absent. 


(1) present as sulcus, (2) in bony canal with¬ 
in tympanic cavity, (3) medial to tympanic 
cavity, or (4) absent owing to loss of the ar¬ 
tery. The internal carotid artery and its phy¬ 
logenetic significance in mammals have been 
discussed extensively in several studies 
(MacPhee, 1981; Wible, 1986, 1987). Those 
of gliroid mammals were further discussed in 
others (Bugge, 1985; Lavocat and Parent, 
1985; Novacek, 1985; Meng, 1990; Bryant 
and McKenna, 1995; Wahlert, 2000). Wheth¬ 
er the arterial system can be reliably inferred 
from osteological features, such as sulci and 
canals, remains problematic (Conroy and Wi¬ 
ble, 1978; Cartmill and MacPhee, 1980; 
MacPhee and Cartmill, 1986; MacPhee et al., 
1988). Nonetheless, inferred artery systems, 
or simply the osteological structures, have 
been generally used as features in phyloge¬ 
netic studies. It is widely accepted that both 
an internal carotid artery and a stapedial ar¬ 
tery on the ventral surface of the promonto¬ 
rium, which may or may not leave impres¬ 
sions on the bone, is the primitive eutherian 
condition (MacPhee, 1981; Wible, 1983, 
1986, 1987). The condition in which the in¬ 
ternal carotid and stapedial arteries bifurcate 
within the tympanic cavity is present in sci- 
uravids (Wahlert, 1974; Meng, 1990), theri- 
domorphs (Lavocat and Parent, 1985), Co- 
comys (Li et al., 1989), and Paramys (Lav¬ 
ocat and Parent, 1985; Wahlert, 2000). Three 
additional conditions of the internal carotid 
system exist in rodents. Lirst, the promontory 
branch is lost, while the stapedial artery is 
still present, as in Reithroparamys (Meng, 
1990). Second, both arteries are present, but 
their bifurcation is medial to the medial bul¬ 
lar wall, as in Rattus (Wible, 1987) and Gre- 
gorymys (Wahlert, 1988) in which the distal 
portion of the internal carotid artery courses 
medial to the bullar wall. Linally, the entire 
internal carotid system is lost, as in Tsagan- 
omys (Bryant and McKenna, 1995) and other 
hystricognathous rodents. In extant leporids 
and Prolagus, the internal carotid artery 
pierces the medial bullar wall and does not 
enter the tympanic cavity. In Palaeolagus the 
internal carotid artery takes a more lateral 
course (Meng, 1991) and leaves a short im¬ 
pression on the anterior portion of the pro¬ 
montorium. Previously, an extratympanic bi¬ 
furcation of the internal carotid and stapedial 
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arteries in Rhombomylus was implied by 
Ting and Li (1984), although the identifica¬ 
tion of the foramen for the internal carotid 
artery in Rhombomylus was questioned 
(Meng, 1990). With observations of more 
and better preserved skulls of Rhombomylus, 
it is clear that the carotid foramen is absent 
in this genus. In this regard, Matutinia pre¬ 
sents an interesting case that appears to be 
similar to the condition of Rattus (Ting et al., 
2002). In Matutinia three foramina coexist 
and are interpreted as the jugular, carotid, 
and stapedial (Ting et al., 2002). These fo¬ 
ramina were considered as evidence for an 
extratympanic bifurcation of the internal ca¬ 
rotid artery in Matutinia (Ting et al., 2002). 
The Rhombomylus condition is probably 
more derived than that of Matutinia in lack¬ 
ing the internal carotid artery and the fora¬ 
men transmitting the artery. Moreover, the 
foramen for the stapedial artery in Rhombo¬ 
mylus is further reduced than in Matutinia 
and is too small to transmit a functional ar¬ 
tery. In some studies (e.g., Rougier et al., 
1998), absence or presence of the groove for 
the internal carotid artery is used as two 
character states. In that case, presence of the 
internal carotid artery is implied even if a 
groove is absent on the promontorium. Be¬ 
cause absence of the groove on the promon¬ 
torium may be attributed to several factors as 
shown above, we here recognize these char¬ 
acter states. Contra Rougier et al. (1998), we 
follow Novacek (1986b) to score presence of 
the groove for Leptictis. 

Character 167: Course of stapedial ar¬ 
tery — (0) groove on promontorium, (1) in 
bony canal, or (2) absent. In muroids, the 
stapedial artery courses transversely across 
the promontorium ventral to the fenestra ro¬ 
tunda. See Meng (1990) for discussion of 
this and the following characters. 

Character 168: Stapedial artery — (0) ven¬ 
tral to fenestra rotunda, or (1) partially 
shielding the fenestra. 

Character 169: Facial ner\’e — (0) ex¬ 
posed in the tympanic cavity, (1) partially 
enclosed by bone, or (2) completely enclosed 
in a bony tube. 

Character 170: Squamosal contribution 
to epitympanic recess — (0) present, or (1) 
absent. In the nongliroid mammals such as 
Zalambdalestes and Leptictis the squamosal 


forms the lateral wall of the epitympanic re¬ 
cess in which the articulation of the malleus 
and incus is located (Novacek, 1986b; Roug¬ 
ier et al., 1998). In gliroid mammals, the ec- 
totympanic excludes the squamosal from the 
middle ear region. A similar condition is pre¬ 
sent in macroscelideans, although the ecto- 
tympanic forms only the lateral portion of the 
bulla and meatal tube in the latter (Novacek, 
1986b). 

Character 171: Tensor tympani muscle — 
(0) uncovered, (1) partially covered, or (2) 
in a deep fossa. The tensor tympani muscle 
is usually attached to a depression at the an¬ 
terolateral side of the promontorium. In some 
rodents, development of bony projection may 
deepen the depression so that the muscle is 
partially or substantially covered by bone. 

Character 172: Meato-cochlear connec¬ 
tion — (0) absent, or (1) present. See Meng 
(1990) for discussion of this character. 

Character 173: Fenestra rotunda — (0) 
facing posteroventrally, or (1) turning lat¬ 
erally. The fenestra rotunda usually faces 
posteriorly. In hystricognathous rodents it is 
large and twisted to open posterolaterally. 

Postcranium 

Character 174: Intercentrum and arches 
of atlas — (0) separated or synostosed with 
suture in adults, or (1) fused without suture 
in adults. In known specimens of Kennales- 
tes and Asioryctes, the atlas arches are pre¬ 
served with no intercentrum attached; the at¬ 
las intercentrum and arches in Barunlestes 
are synostosed and have a suture between 
them (Kielan-Jaworowska, 1977, 1978). In 
most extant eutherians, these elements are 
completely fused in adults. 

Character 175: Joint between atlantal 
and axial parts of the axial body — (0) presen t 
in adult, or (1) absent. The atlantal and axial 
portions of the axial body are not completely 
fused in Asioryctes, Zalambdalestes, and Ba¬ 
runlestes. In all extant eutherians and other 
fossil groups where the structure is known 
the two parts are fused in adults. 

Character 176: Number of sacral verte¬ 
brae — (0) two, (1) three, or (2) four or more 
(modified from Geisler, 2001). Barunlestes 
has two sacral vertebra; this is the primitive 
condition for eutherians. Rhombomylus, sim- 
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ilar to rodents and many other taxa, has 
three. Lagomorphs, Hyopsodus, Phenacodus, 
and Cynocephalus have four or more sacral 
vertebra. 

Character 177: Neck of the scapula — (0) 
short, or (1) long. The length of the scapular 
neck is the distance between the glenoid and 
the base of the scapular spine. Most euthe- 
rians, including Rhombomylus, have a short 
scapular neck. A long neck is characteristic 
of most lagomorphs, although Palaeolagus 
has a relatively short scapular neck (Dawson, 
1958). In rodents, Neoreomys, Myocastor, 
Cavia, Rattus, and Mus also have a long 
scapular neck. 

Character 178: Acromion — (0) overhang¬ 
ing glenoid ventrally, or (1) not encroaching 
upon glenoid ventrally. Rhombomylus and 
most rodents retain the primitive eutherian 
condition in having a large acromion plate 
that bears the acromion and metacromion 
processes, although its acromion process is 
relatively slender. In lagomorphs, the acro¬ 
mion is dorsal to the glenoid. In Palaeola¬ 
gus, the acromion reaches the level of the 
glenoid (Dawson, 1958), while in other lago¬ 
morphs the acromion process is reduced. Ca¬ 
via, Dasyprocta, and Mus also have a rela¬ 
tively short acromion. 

Character 179: Greater tuberosity of hu¬ 
merus — (0) small and lower than humeral 
head, or (1) prominent and even with or 
higher than the head (modified from Rose 
and Lucas, 2000). The greater tuberosity is 
low in Rhombomylus, as in most rodents. In 
lagomorphs, the greater tuberosity is high in 
Ochotona, Prolagus, and Lepus, but low in 
Palaeolagus (Wood, 1937). 

Character 180: Entepicondylar fora¬ 
men — (0) present, or (1) absent. The function 
of the entepicondylar foramen is for the pas¬ 
sage of the median nerve and brachial artery 
(Geisler, 2001). Landry (1958) argued that 
the structure is a primitive condition for 
mammals, related to abduction of the fore¬ 
arm. Rhombomylus, Palaeolagus, Paramys, 
and Sciurus retain an entepicondylar fora¬ 
men, which is lost in most extant rodents and 
lagomorphs. 

Character 181: Radial fossa — (0) small 
and shallow, or (1) large and deep. The ra¬ 
dial fossa holds the head of the radius when 
the forearm fully extends. The development 


of the fossa indicates the degree of forearm 
extension. Rhombomylus, Barunlestes, and 
lagomorphs have a large and relatively deep 
radial fossa. Leptictis, Tupaia, Plesiadapis, 
Northarctus, Paramys, Sciuravus, Sciurus, 
and Rattus retain a shallow radial fossa. 

Character 182: Supratrochlear fora¬ 
men — (0) absent, or (1) present. The devel¬ 
opment of the supratrochlear foramen facili¬ 
tates forearm flexion and extension. Terres¬ 
trial mammals, especially cursorial ones, of¬ 
ten develop this foramen. This foramen is 
absent in Rhombomylus, Palaeolagus, Par¬ 
amys, Sciuravus, Sciurus, Rattus, and Mar- 
mota, but is present in Barunlestes, Prolagus, 
Lepus, Myocastor, Cavia, and Mus. 

Character 183: Ulna and radius — (0) 
completely separate, or (1) fused distally. 
Primitively, the radius and ulna are separate 
and are sizable. The distal end of the ulna is 
greatly reduced and fused with the shaft of 
the radius in Petrodromus; therefore, only 
the radius articulates with the carpals. In Cy¬ 
nocephalus, the distal parts of the two bones 
are fused but both are articulated with car¬ 
pals. State 0 is present in Rhombomylus and 
other taxa in which the bones are known. 

Character 184: Posterior edge of proxi¬ 
mal ulna — (0) convex posteriorly, or (1) 
straight or concave posteriorly (modified 
from Geisler, 2001). In mammals that are ca¬ 
pable of climbing, the proximal ulna often 
has a convex posterior edge. Terrestrial 
mammals usually have a ulna with relatively 
straight or concave posterior edge (Argot, 
2001; Szalay and Sargis, 2001). In Rhom¬ 
bomylus, the posterior edge of the proximal 
ulna is slightly convex, much less than those 
of Zalambdalestes, Barunlestes, Tupaia, 
Sciurus, Rattus, and Mus. In lagomorphs, the 
posterior edge of the proximal ulna is straight 
in Prolagus and Lepus, but is slightly convex 
in Palaeolagus. 

Character 185: Central process of the ra¬ 
dial head — (0) poorly developed or absent, 
or (1) well developed. The central process on 
the head of the radius is often well developed 
in terrestrial mammals and poorly developed 
in arboreal groups (Szalay and Sargis, 2001). 
The process is seen in Hyopsodus, Phena¬ 
codus, Rhombomylus, lagomorphs (except 
Palaeolagus ), Cavia, and Dasyprocta. Most 
rodents do not have this process. 
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Character 186: Ulnar facet on the radial 
head — (0) convex and ovoid, or (1) flat. A 
convex and ovoid ulnar facet on the radial 
head facilitates the rotation of the forearm at 
the proximal radioulnar joint, while a flat 
facet limits the movement (Rose and Lucas, 
2000; Szalay and Sargis, 2001). Rhombo- 
mylus, Barunlestes, Hyopsodus, Phenacodus, 
Leptictis, Tupaia, Petrodromus, Rhyncho- 
cyon, lagomorphs, and Cavia have a rela¬ 
tively flat ulnar facet, whereas most rodents 
have a convex, ovoid facet. 

Character 187 : Distal articulator surface 
of radius — (0) with a single concave fossa, 
or (1) splitting into scaphoid and lunate fos¬ 
sae (Geisler, 2001: ch. 142). In Hyopsodus, 
Phenacodus, and Rhynchocyon the scaphoid 
and lunate fossae are well separated on the 
distal articulator surface of the radius. In 
lagomorphs, such as Prolagus and Lepus, the 
fossae are separated by a fine ridge. Rodents 
selected for this study, where the structure is 
known, have one articular fossa. 

Character 188: Scaphoid and lunate — (0) 
separated in adult, (1) fused in adult. The 
scaphoid and lunate are separate in Asioryc- 
tes, Matutinia, and Paramys and are inferred 
to be separate in those taxa that have separate 
scaphoid and lunate fossae on the distal ar¬ 
ticulator surface of the radius. The two ele¬ 
ments are fused in Barunlestes, Cynocephal- 
us, Tupaia, Reithroparamys, and all extant 
rodents compared here. 

Character 189: Centrale — (0) present in 
adult, or (1) absent in adult (Geisler, 2001). 
The centrale is absent in Hyopsodus and 
Phenacodus. In Glires in which carpals are 
known, the centrale is present. In Matutinia, 
however, the bone was fused with an other 
carpal element (Ting et al., 2002). The con¬ 
dition in unknown in Rhombomylus. 

Character 190: Epipubic bone — (0) pres¬ 
ent, or (1) absent. The epipubic bone is pres¬ 
ent in Zalambdalestes (Novacek et al., 1997). 
Kielan-Jaworowska (1977) predicted the 
presence of the bone in Kennalestes and 
Asioryctes, which was confirmed by the pres¬ 
ence of the bone in another asioryctid euthe- 
rian, Ukhaatherium (Novacek et al., 1997). 
In other taxa where the relevant part of the 
pelvic girdle is known, this bone is absent. 

Character 191: Articular surface on the 
femoral head — (0) with pronounced lateral 


and posterior extension, or (1) with little ex¬ 
tension (modified from Szalay and Sargis, 
2001). The lateral extension of the articular 
surface on the femoral head indicates the ab¬ 
duction of the femur. In ambulatory mam¬ 
mals the femur has a greater degree of lateral 
extension than in cursorial ones (Jenkins and 
Camazine, 1977). Lagomorphs show the lat¬ 
eral extension of the articular surface. All ex¬ 
tant rodents, including arboreal Sciurus, do 
not have the extension. The condition in Ba¬ 
runlestes, Hyopsodus, Rhombomylus, and 
Paramys is similar to that of rodents. 

Character 192: Greater trochanter — (0) 
lower than or even with the femoral head, or 
(1) higher than the head (Rose and Lucas, 
2000). In most gliroid mammals where the 
structure is known, the greater trochanter is 
higher than the femoral head; only in Matu¬ 
tinia, Reithroparamys, Paraphiomys, and 
Neoreomys is the greater trochanter low. In 
Hyopsodus, Cynocephalus, and Notharctus 
the greater trochanter is lower than the fem¬ 
oral head. 

Character 193: Femoral neck — (0) short 
and broad, or (1) long and narrow (Ross et 
al., 1998). A short and broad femoral neck 
is characteristic of lagomorphs and some oth¬ 
er gliroid mammals including Rhombomylus, 
Matutinia, Paramys, Neoreomys, Sciurus, 
and Marmota. The femoral neck is short and 
broad in Barunlestes, Phenacodus, Cynoce¬ 
phalus, Tupaia, Rhynchocyon, Plesiadapis, 
and Notharctus. 

Character 194: Lesser trochanter — (0) 
medially directed, or (1) posteromeclially di¬ 
rected (Rose and Lucas, 2000). Except for 
Paradjidaumo and Sciurus, in which the 
lesser trochanter is somewhat medially di¬ 
rected, all rodents selected here have a pos- 
teromedially directed lesser trochanter. A 
similar condition is present in Rhombomylus, 
Barunlestes, Hyopsodus, Phenacodus, Lep¬ 
tictis, Cynocephalus, Petrodromus, Rhyncho¬ 
cyon, and Prolagus. Lepus, Palaeolagus, and 
primates have a medially directed lesser tro¬ 
chanter. 

Character 195: Third trochanter — (0) 
prominent, (1) small, or (2) absent (modified 
from Rose and Lucas, 2000). The loss of the 
third trochanter in didelphids was thought a 
significant phylogenetic attribute (Szalay and 
Sargis, 2001). Absence of this structure is 
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seen only in Myocastor among the gliroid 
mammals we examined. A prominent third 
trochanter is present in other rodents, Hyop- 
sodus, Phenacodus, Anagalopsis, and pri¬ 
mates. The third trochanter is small in Rhom- 
bomylus, Lepus, Palaeolagus, and Cavia. 

Character 196: Patellar trochlea — (0) 
broad and shallow, or (1) narrower and el¬ 
evated. The femoral trochlea is the place 
where the patella slides over the femur (see 
below). 

Character 197: Distal femur — (0) as an- 
teroposteriorly deep as mediolaterally wide, 
or (1) deeper than wide. An elevated and rel¬ 
atively narrow trochlea is often associated 
with an anteroposteriorly deep distal femur. 
It commonly indicates cursorial or saltatorial 
locomotion (Rose, 1999). A shallow patellar 
trochlea and distal femur are present in 
Hyopsodus, Tupaia, Plesiadapis, Mimolagus, 
Paramys, Neoreomys, Sciurus, and Marmota. 
These conditions are probably associated 
with a relatively generalized locomotor pat¬ 
tern, if not arboreal habit. 

Character 198: Proximal tibia and fibu¬ 
la — (0) separate, or (1) fused. The fusion of 
the proximal tibia and fibula occurs in Pe- 
trodromus and Rhynchocyon. 

Character 199: Distal tibia and fibula — 
(0) separate, (1) fused at distal ends, or (2) 
fused at midshaft. The tibia and fibula are 
separate in Asioryctes (Kielan-Jaworowska, 
1977). In Tribosphenomys, Rhombomylus (Li 
and Ting, 1985, 1993), and early rodents 
such as Paramys (Wood, 1962), the two el¬ 
ements are separate. Among rodents, many 
muroids display fusion of the tibia and fibula 
(Luckett and Hartenberger, 1993). However, 
the muroid condition appears different in that 
a suture along the fusion area is recogniz¬ 
able. In describing the postcranial specimens 
of Mimolagus, Bohlin (1951) considered 
them to be skeletal bones of a rodent incertae 
sedis, although these postcranials were found 
together with the skull (the holotype) of 
Mimolagus. Among those postcranials, the 
tibia and fibula are separate, which perhaps 
was the reason that Bohlin hesitated to assign 
the postcranial specimens to Mimolagus, as 
Bohlin (1951) considered Mimolagus to be a 
lagomorph, whereas the postcranial elements 
show a mixture of rodent and lagomorph 
characters. However, the similarities to ro¬ 


dents, such as the separate tibia and fibula 
and lack of the calcaneus-fibula contact (both 
were recognized by Bohlin [1951]), are prim¬ 
itive features; it is not surprising that such 
features are present in a primitive lagomorph. 
The tibia and fibula of Pseudictops are pre¬ 
served (Sulimski, 1968). Judging from the il¬ 
lustration (Sulimski, 1968: pi. Ill), these 
bones are separate. In Zalambdalestes (No- 
vacek et al., 1997), macroscelids, and lago- 
morphs the distal tibia and fibula are fused 
up to the midpoint of the shaft. The fusion 
of the tibia and fibula was regarded as a syn- 
apomorphy for Lagomorpha (Li et al., 1987). 

Character 200: Fibula-femur articula¬ 
tion — (0) absent, or (1) present. In lago- 
morphs and rodents, the head of the fibula 
articulates with the ventral side of the lateral 
condyle of the proximal head of the tibia; 
therefore, the head of the fibula does not con¬ 
tact the femur. In some lagomorphs and ro¬ 
dents, a fibular articular projection is devel¬ 
oped so that the head of the fibula articulates 
with the tibia at a position more distal to the 
tibia-femur articulation surface. In Petrod- 
romus and Rhynchocyon, the head of the fib¬ 
ula articulates with the femur. 

Character 201: Fibula — (0) robust rela¬ 
tive to the tibia, or (1) slim. A slim fibula is 
present in lagomorphs and many extant ro¬ 
dents, such as Myocastor, Cavia, Dasyproc- 
ta, Sciurus, Marmota, Rattus, and Mus. A 
similar condition is also found in Zalamb¬ 
dalestes, Leptictis, Cynocephalus, Tupaia, 
and macroscelideans. A relatively robust fib¬ 
ula is in Asioryctes, Hyopsodus, Phenacodus, 
Anagale, Pseudictops, Notharctus, Mimola¬ 
gus, Rhombomylus, Matutinia, Tribospheno¬ 
mys, Paramys, Reithroparamys, and Neoreo¬ 
mys. 

Character 202: Tibial malleolus — (0) 
prominent, (1) reduced, or (2) bearing a con¬ 
vex articulation facet for the astragalus. A 
tibial malleolus is characteristic of macros¬ 
celideans. A reduced tibial malleolus is wide¬ 
ly distributed in lagomorphs and many ro¬ 
dents, including Florentiamys, Gregorymys, 
Paraphiomys, Myocastor, Cavia, Dasyproc- 
ta, Sciurus, Marmota, Rattus, and Mus. 
Rhombomylus, Tribosphenomys, and Para¬ 
mys bear a prominent tibial malleolus, simi¬ 
lar to those of Asioryctes, Hyopsodus, Phen- 
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acodus, Cynocephalus, Tupaia, and Notharc¬ 
tus. 

Character 203: Posterior process on dis¬ 
tal end of tibia — (0) absent, or (1) present. 
A distinctive posterior process or flange on 
the distal end of the tibia is typical in rodents 
(Szalay, 1985; Luckett and Hartenberger, 

1993) . A similar condition, although less dis¬ 
tinctive than in Paramys, was present in 
Rhombomylus (Li and Ting, 1993). A modest 
posterior process of the tibia is present in 
Leptictis (Szalay, 1985). A similar process 
appears present in Mimolagus (Bohlin, 1951: 
figs. 26—34). Because it is difficult to judge 
the degree of the height of the process, we 
code “0/1” for Leptictis and Mimolagus. 

Character 204: Astragalar trochlea — (0) 
absent, or (1) present. Absence of the as¬ 
tragalar trochlea is present in Ukhaatherium 
and Asioryctes (Horovitz, 2000). The astrag¬ 
alar trochlea evolved independently in pla- 
centals and some marsupials (Szalay, 1984, 

1994) . The trochlea is present in selected pla- 
centals, in which the bone is known, except 
in Cynocephalus where it is absent. 

Character 205: Lateral astragalar troch¬ 
lear border — (0) higher than medial border, 
or (1) as high as the medial border (modified 
from Rose and Lucas, 2000; Hooker, 2001). 
The asymmetrical astragalar trochlea is the 
primitive condition for eutherians and is 
widely distributed in various groups, includ¬ 
ing Zalambdalestes, Hyopsodus, Phenaco- 
dus, Anagale, Leptictis, Pseudictops, lago- 
morphs, Mimolagus, Rhombomylus, Matuti- 
nia, Paramys, Reithroparamys, Florentia- 
mys, Sciuravus, Paraphiomys, Sciurus, 
Marmota, Rattus, and Mus. A relatively sym¬ 
metrical trochlea is found in primates, Tu¬ 
paia, Petrodromus, Tribosphenomys, Neo- 
reomys, Myocastor, Cavia, and Dasyprocta. 

Character 206: Posterior trochlear shelf 
of astragalus — (0) absent or weakly devel¬ 
oped, or (1) well developed. The posterior 
trochlear shelf of the astragalus limits the 
posterior extension of the bone and therefore 
plantar flexion of the foot. It is present in 
Plesiadapis, Notharctus, and Adapis. 

Character 207: Ventral limit of astraga¬ 
lar trochlea — (0) not exceeding midpoint on 
posterior surface of body, or (1) more ven¬ 
tral (Hooker, 2001). The development of the 
posterior trochlear shelf in primates limits the 


astragalar trochlea to a relatively high point 
so that the ventral limit of the astragalar 
trochlea does not exceed the midpoint on the 
posterior surface of the astragalar body. Al¬ 
though Cynocephalus and Tupaia lack the 
posterior trochlear shelf, the ventral limit of 
the trochlea is similar to that of primates. 

Character 208: Lateral process of astrag¬ 
alus — (0) present, or (1) absent (Geisler, 
2001). Presence of the lateral process of the 
astragalus is probably a primitive eutherian 
condition and is widely distributed in fossil 
taxa, such as Zalambdalestes, Hyopsodus, 
Phenacodus, Anagale, Leptictis, Plesiadapis, 
Notharctus, Adapis, Rhombomylus, and Ma- 
tutinia. It is absent in lagomorphs and most 
rodents. 

Character 209: Astragalofibular facet — 
(0) sloping obliquely and laterally, or (1) flat 
(vertical) (modified from Ross et al., 1998). 
An oblique astragalofibular facet probably 
facilitates the transverse movement of the 
upper ankle joint. It is present in Asioryctes, 
Plesiadapis, Notharctus, and Adapis. It prob¬ 
ably represents the primitive condition of eu¬ 
therians as it is also present in Ukhaatherium 
(Horovits, 2000: fig 5) and various marsu¬ 
pials (Szalay, 1994). Most eutherians have a 
vertical and somewhat flat astragalofibular 
facet, which, together with the trochlea, lim¬ 
its the transverse mobility of the upper ankle 
joint (Szalay, 1984). 

Character 210: Dorsal astragalar fora¬ 
men — (0) present, or (1) absent. Presence of 
the dorsal astragalar foramen, indicating the 
development of the astragalar canal, is the 
primitive condition of therians. The foramen 
and canal are lost in many placentals (Ho¬ 
rovitz, 2000). In taxa compared here, the fo¬ 
ramen is present only in Petrodromus, Ana¬ 
gale, Pseudictops, Plesiadapis, Notharctus, 
Adapis, and Mimolagus. 

Character 211: Sustentacular facet on as¬ 
tragalus — (0) on ventral side of the bone, or 
(1) shifted to ventromedial side of the bone. 
In Petrodromus, Elephantulus, and Rhyncho- 
cyon (unknown in Macroscelides), as well as 
in Tupaia, the sustentacular facet of the as¬ 
tragalus is shifted to the ventromedial side of 
the bone. In other taxa in which the astrag¬ 
alus is known, the sustentacular facet is on 
the ventral side of the bone. 

Character 212: Sustentacular facet on as- 
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tragalus — (0) separate from the astragalon- 
avicular facet, or (1) confluent. In hystricog- 
nathous rodents examined, the sustentacular 
and astragalonavicular facets are confluent. 
A similar condition exists in Tupaia and Cy- 
nocephalus. In macroscelideans (unknown in 
Macroscelides ) the two facets are separated 
by an angled border, which is different from 
the smoothly confluent surfaces in Tupaia 
and Cynocephalus. 

Character 213: Long axes of calcaneoas- 
tragalar and sustentacular facets of astrag¬ 
alus — (0) forming an angle, or (1) roughly 
parallel (modified from Geisler, 2001). The 
parallel condition occurs in lagomorphs, 
Mimolagus, Rhombomylus, Paramys, Neo- 
reomys, Dasyprocta, Marmota, Rattus, and 
Mus. 

Character 214: Astragalar neck — (0) 
short (neck ratio: length divided by body 
width <1), or (1) moderate (neck ratio sub¬ 
equal to 1) or long (neck ratio >1) (modified 
from Rose and Lucas, 2000; Ross et al., 
1998). A short astragalar neck is present in 
various eutherians, including Asioryctes, 
Uhkaatherium, Zalambdalestes, Phenacodus, 
Anagale, Pseudictops, Plesiadapis, Mimola¬ 
gus, Rhombomylus, Matutinia, and various 
rodents examined here. Hyopsodus, Cynoce¬ 
phalus, Tupaia, macroscelideans, primates, 
lagomorphs (unknown in Ochotona), and 
Sciuravus have a relatively long astragalar 
neck. 

Character 215: Astragalonavicular facet 
on astragalus — (0) transverse, or (1) dorso- 
ventrally extended. The derived condition oc¬ 
curs in lagomorphs (Bleefeld and McKenna, 
1985). Although the gross morphology of the 
astragalus in Pedetes is similar to that of 
lagomorphs, the astragalonavicular facet on 
the astragalus is transversely oriented. 

Character 216: Cuboid facet on astrag¬ 
alus — (0) absent, or (1) present. The head of 
the astragalus articulates with the navicular, 
but in Asioryctes (Kielan-Jaworowska, 
1977), anagalids (Simpson, 1931; Bohlin, 
1951), and macroscelideans (Szalay, 1985) it 
also has a small contact with the cuboid. The 
contact is absent in lagomorphs (Szalay, 
1985: p. 125, fig. 15). Although Mimolagus 
was considered a lagomorph (Bleefeld and 
McKenna, 1985; Szalay, 1985), an astragalar 
cuboid facet is present in the taxon (Bohlin, 


1951). An articular facet for the astragalus 
exists on the cuboid of Mimolagus (Bohlin, 
1951). The astragalus does not articulate with 
the cuboid in other taxa examined. 

Character 217: Calcaneus — (0) relatively 
broad, or (1) narrow and proportionally 
long. In dorsal or plantar view, the susten¬ 
tacular and peroneal processes are trans¬ 
versely extended in primitive forms (Szalay, 
1985, 1994). This condition exists in most 
eutherians in which the calcaneal fibular fac¬ 
et is commonly absent. In mimotonids, Mim¬ 
olagus, and lagomorphs, these processes are 
compressed and the body of the calcaneus 
appears relatively long and slim. A similar 
condition appears to be in Zalambdalestes 
(Kielan-Jaworowska, 1978), Pseudictops 
(Sulimski, 1968), macroscelideans, and pri¬ 
mates (Szalay and Drawhorn, 1980). 

Character 218: Calcaneofibular facet 
(CaFi) on calcaneus — (0) present as an 
oblique surface, (1) absent, (2) modified as 
facing dor sally and broad, or (3) restricted 
and convex. The upper ankle joint has three 
contacts: the astragalus-tibia, astragalus-fib¬ 
ula, and calcaneus-fibula in metatherians 
(Szalay, 1985, 1994). This condition is pre¬ 
sent in Asioryctes (Kielan-Jaworowska, 
1977). The condition in Rhombomylus and 
Heomys looks similar to that of Asioryctes 
(contra to Li and Ting, 1993). The derived 
condition for eutherian mammals is that the 
calcaneus is shifted more ventral to the as¬ 
tragalus and the calcaneus-fibula contact is 
lost (bi-contact of Szalay, 1985). The bi-con- 
tact state is present in Mimolagus (Bohlin, 
1951; Szalay, 1985) and Tribosphenomys 
(Meng and Wyss, 2001). Li and Ting (1985) 
also indicated lack of CaFi in mimotonids, 
Anagalidae, Leptictidae, and Zalambdalesti- 
dae. The CaFi is present in lagomorphs, ma¬ 
croscelideans, and Pseudictops (Szalay, 
1985; Li and Ting, 1985). The question then 
is whether the CaFi in these forms is a prim¬ 
itive retention or secondarily acquired. The 
lagomorph condition is considered to be 
primitive by several authors (Li and Ting, 
1985; Luckett and Hartenberger, 1993), but 
Szalay (1985: 120) thought it a secondary 
acquisition, which is followed by Li et al. 
(1987). Szalay (1985: p. 120, fig. 14) also 
pointed out that Pseudictops has the calca¬ 
neus-fibula contact and stated that “ Pseuclic- 
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tops shares this feature with the Leporoidea, 
almost certainly convergently, or possibly 
parallel with them.” We found that the CaFi 
in lagomorphs is different from the condition 
of Asioryctes and Rhombomylus in facing 
more dorsally and is broad. Averianov 
(1991) described some isolated calcanea, 
probably belonging to the mimotonid Ana- 
tolmylus and Aktaslunys, which are similar to 
those of Mimolagus in general morphology 
and in lacking the calcaneum-fibula facet. 
The CaFi is more restricted and somewhat 
convex in macroscelideans. 

Character 219: Calcaneoastragalar facet 
(CaA) on calcaneus — (0) diagonal to the 
long axis of the bone, (1) narrow facet 
roughly parallel to the long axis, or (2) facet 
short showing no obvious orientation. In 
most eutherians, the calcaneoastragalar facet 
either shows no apparent directions in its di¬ 
mensions or it is elongate but oriented di¬ 
agonally to the long axis of the calcaneus 
body. In mimotonids (Averianov, 1991), 
Mimolagus (Bohlin, 1951; Szalay, 1985), 
and lagomorphs the CaA is oriented such that 
the major axis is nearly parallel to the long 
axis of the calcanear body. This condition 
can be inferred from the articular facet on the 
astragalus, in which the CaA has a similar 
orientation. In macroscelideans, the CaA on 
the calcaneus is short and its orientation is 
either unrecognizable or perpendicular to the 
long axis of the bone. 

Character 220: Calcanealoastragalar 
facet — (0) near the distal end of the bone (the 
tuber being relatively long), or (1) at the 
midpoint or near the proximal end (tuber 
short) (modified from Hooker, 2001). The 
long tuber is the condition for primitive eu¬ 
therians, such as Uhkaatherium and Zalamb- 
dalestes, Hyopsodus, Phenacodus, macros¬ 
celideans, and basal gliroid mammals includ¬ 
ing Mimolagus, Rhombomylus, Heomys, and 
Tribosplienomys . Lagomorphs and many ro¬ 
dents exhibit state 1. Marmota, Rattus and 
Mus, however, display state 0. 

Character 221: Sustentaculum on the cal¬ 
caneus — (0) anteromedial to and separated 
by a distinctive sulcus calcanei from the 
CaA, or (1) immediately medial to CaA. The 
sustentaculum on the calcaneus is antero¬ 
medial to the calcaneus-astragalus (CaA) fac¬ 
et and both are separated by a distinctive sul¬ 


cus calcanei in most eutherian taxa we se¬ 
lected here. In contrast, the sustentaculum in 
lagomorphs is immediately medial to CaA 
facet, while in macroscelids, the sustentacu¬ 
lum is anterior to the CaA facet (Szalay, 
1985: p. 125, fig. 14). The condition in Mim¬ 
olagus is similar to that of lagomorphs (see 
Szalay, 1985: fig. 18). 

Character 222: Calcanear-navicular con¬ 
tact (CaN) — (0) absent, or (1) present. Prim¬ 
itively, the calcaneus does not extend more 
distally than the astragalus; therefore, the as- 
tragalar-navicular articulation (ANa) and the 
calcaneum-cuboid articulation (CaCu) are at 
the same level and the ankle is more flexible 
in rotation. In some lagomorphs, the calca¬ 
neus is anteriorly extended to contact the na¬ 
vicular. The foot bones are more firmly in¬ 
terlocked so that sideward movement of the 
foot is limited but fore-and-aft movement of 
the foot is emphasized (Dawson, 1958). 
Dawson (1958: 15, 69) pointed out that in 
Palaeolagus haydeni and Megalagus turgi- 
dus, “the astragalus reaches approximately 
the same distance distally as does the calca- 
neum, but in Hypolagus and the recent le- 
porids the calcaneum extends more distally 
than the astragalus, making possible a cal- 
caneonavicualr contact.” The calcaneonavi- 
cualr contact is not present in ochotonids 
(McKenna, 1982). The calcaneonavicualr 
facet also occurs on the calcaneus of Mimo¬ 
lagus (Bohlin, 1951; Szalay, 1985), suggest¬ 
ing that the calcaneus extends more distally 
than does the astragalus. 

Character 223: Cuboid — (0) short, or (1) 
elongate. A relatively long and narrow cu¬ 
boid is present in Asioryctes, macrosceli¬ 
deans, and Plesiadapis. 

Character 224: Medial tarsal sesamoid 
bone — (0) absent, or (1) present. Szalay 
(1985) considered presence of a medial tarsal 
sesamoid bone as unique for rodents, includ¬ 
ing early forms such as Paramys. His view 
was followed by Luckett and Hartenberger 
(1993). A medial tarsal sesamoid bone was 
probably present in Matutinia (Ting et al., 
2002). Whether this minute bone occurs in 
other early gliroid mammals is unknown. In 
Rhombomylus the articular surface of the as- 
tragalar head extends proximally to the me¬ 
dial side of the astragalar neck, which may 
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have articulated with a medial tarsal sesa¬ 
moid bone. 

Character 225: Plantar process of navic¬ 
ular — (0) short, or (1) elongate. The derived 
condition is seen in leporids, Mimolagus, 
Rhombomylus, Matutinia (Ting et al., in 
press) and in hystricognathous rodents. 

Character 226: Metatarsal IV — (0) pres¬ 
ent, or (1) absent. The metatarsals are re¬ 
duced to three in Cavioidea (Landry, 1999: 
303). According to Cooper and Schiller 
(1975), digits IV and V are lost in Cavia. 

Character 227: Metatarsal V — (0) pres¬ 
ent, or (1) absent. The fifth digit including 
the metatarsal is lost in Myocastor, Cavia, 
and Dasyprocta. 

PHYLOGENETIC ANALYSES 
Materials and Methods 

Taxa Selected: The present study focuses 
on testing the monophyly of Glires, as well 
as that of Rodentia; it is not attempted for a 
thorough phylogeny of placental mammals. 
The goal is to explore whether any of the 
selected gliroid taxa will, or will not, be clus¬ 
tered with any of the selected nongliroid taxa 
in a parsimonious analysis based on osteo- 
logical data. To accomplish this goal, we se¬ 
lected a total of 50 terminal taxa, tradition¬ 
ally accorded the rank “genus”, for analyses. 
In so doing, we assume generic monophyly 
for the selected taxa. For fossil taxa, this as¬ 
sumption is probably valid because most of 
the fossil genera, if not monotypic, consist of 
a small number of species. For extant genera, 
this assumption may hold at a lower level of 
confidence. Among the selected taxa, 33 are 
gliroid mammals. For nongliroid mammals 
we follow Meng and Wyss (2001) in focus¬ 
ing on those that are previously implicated 
in the origin of rodents and lagomorphs both 
by morphological and molecular studies. 

Because the analyses are at the superor¬ 
dinal level of placental mammals, we chose 
two Cretaceous eutherians, Asioryctes and 
Kennalestes, as outgroups for the analyses. 
These two taxa are collectively referred to as 
“the outgroup taxa”. All other 48 taxa con¬ 
stitute the ingroup. The selected taxa and 
sources of data are listed in appendix 1. 

Differing from Meng and Wyss (2001), we 
include two additional fossil gliroid taxa in 


the analysis: Sinomylus and Matutinia. Sin- 
omylus was described recently by McKenna 
and Meng (2001). Matutinia was previously 
considered a junior synonym of Rhombo¬ 
mylus (Dashzeveg and Russell, 1988; Mc¬ 
Kenna and Bell, 1997), but is now regarded 
as a valid taxon (Ting et al., 2002). Several 
gliroid taxa that are represented by very frag¬ 
mentary material are not included in this 
study. These include Asiaparamys, Kazygur- 
tia, Nikolomylus, Anatolimys, Khavchina, 
Aktashmys, Eomylus, Amar, Zagmys, Deci- 
pomys, and Ivanantonia. Discussion of these 
taxa can be found in Meng and Wyss (2001) 
and references therein. 

Significantly differing from Meng and 
Wyss (2001) is the inclusion of more fossil 
and extant rodents in this study. Given the 
limited capacity of current computer pro¬ 
grams for phylogenetic analyses and the di¬ 
versity of rodents, we chose only a few ex¬ 
tant taxa that represent the conventional sciu- 
romorphous, hystricomorphous, and my- 
omorphous groups, noting that these are not 
necessarily monophyletic. These extant taxa 
are commonly used in molecular systematic 
analyses of mammals. Therefore, the mor¬ 
phological data we amassed here may be 
used in combination with molecular data in 
future studies. Because of the limited taxa of 
rodents used in this study, the results of the 
phylogenetic analyses should not be accepted 
as a conclusive intraordinal phylogenetic re¬ 
lationship for Rodentia. 

Data: We tabulated 227 characters and 
608 states across 50 terminal taxa using 
MacClade (Maddison and Maddison, 1992) 
based on literature and our observations of 
specimens and casts. The data matrix is pre¬ 
sented in appendix 2. The number of scored 
character states (nonmissing data) and the 
completeness of each taxon (the number of 
nonmissing data divided by the total number 
of characters [227 in this case]; see Sim¬ 
mons, 1993) are also listed in appendix 2. 

Missing data stem from several sources. 
First, character states may be unknown due 
to lack of preservation. This is particularly 
common for some early gliroid mammals 
known from fragmentary material. For in¬ 
stance, Sinomylus (McKenna and Meng, 
2001) is represented only by a rostrum. This 
taxon has the lowest completeness (35%) 


2003 


MENG ET AL.: RHOMBOMYLUS 


145 


among all selected for this study. Second, 
certain states are not applicable to a given 
taxon. For instance, the shape and size of i3 
cannot be coded for taxa that lack this tooth, 
such as rodents. Logically, we allow hierar¬ 
chical coding of multistate characters that are 
related to this kind of missing data (Sim¬ 
mons, 1993; Simmons and Geisler, 1998). 
For example, i3 present or absent is coded as 
one character, whereas shape of i3 is regard¬ 
ed as a separate, dependent character for 
those that have i3. Third, in some cases, the 
morphology of a taxon may be unobservable. 
For instance, owing to fusing of bones, the 
alisphenoid-frontal suture cannot be deter¬ 
mined in Tupaia. Despite their differing 
sources, these missing data are treated equal¬ 
ly by the PAUP* program; therefore, we de¬ 
note all these missing data by question marks 
in our data matrix. 

To compare how dental and skeletal char¬ 
acters affect reconstruction of Glires phytog¬ 
enies, we partitioned the data into two sub¬ 
sets. Three datasets, including a dental, a 
skeletal, and a combined matrix, were 
formed to serve as the basis for phylogenetic 
analyses. The dental matrix includes the first 
95 characters, whereas the skeletal matrix 
contains the remaining 132 characters listed 
in appendix 2. 

Analyses: Phylogenetic Analysis Using 
Parsimony, PAUP* (Swofford, 2000), was 
employed to reconstruct cladograms of the 
selected taxa. For all analyses we used the 
heuristic search option, with the rooting op¬ 
tion imposing a monophyletic ingroup and a 
paraphyletic outgroup ( Asioryctes and Ken- 
nalestes). All characters are weighted equal¬ 
ly. Characters were optimized using both the 
delayed transformation (DELTRAN) and ac¬ 
celerated transformation (ACCTRAN) op¬ 
tions. Each data matrix was analyzed in three 
runs in which character types are different. 
These include (1) all characters unordered, 
(2) all ordered, and (3) partially ordered as 
irreversible-up (or normal). Those that were 
irreversibly ordered include characters 11, 
16, 17, 19, 20, 21, 23, 25, 27, 28, 29, 30, 32, 
34, 36, 47, 48, 226, and 227. These are oc¬ 
currences of teeth and digits (0, present; 1, 
absent). When a character of binary states is 
ordered as irreversible-up, the character 
states can be transformed in only one direc¬ 


tion from state 0 to 1 in the calculation, 
which operationally prohibits reacquisition 
of a lost tooth or a digit. 

Clade robustness was assessed using 
branch lengths, branch supports, and boot¬ 
strap values. Branch lengths are from the tree 
descriptions given by PAUP*. Branch sup¬ 
port indices were calculated in the following 
steps (Bremer, 1988, 1994). First, most par¬ 
simonious trees (MPT) of 5 steps were ob¬ 
tained by heuristic searches. Then, five ad¬ 
ditional searches were conducted sequential¬ 
ly. In each search trees with steps 5 + 1, 5 
+ 2, 5 + 3, 5 + 4, and ,s + 5 were kept 
respectively. Five strict consensus trees re¬ 
sulted from the five sets of trees. By com¬ 
paring topologies of the five consensus trees 
and that of the MPT, the branch support in¬ 
dices can be determined. For a given branch 
(node) in the consensus tree of the most par¬ 
simonious trees, the branch support index is 
the total number of that branch in the five 
consensus trees of nearly parsimonious trees. 
In this case, the maximum branch support 
index is 5. If a branch has an index of 5, it 
means that the branch remains in at least all 
the trees that have the length of s + 5. If the 
index is 0, the branch occurs only in the most 
parsimonious trees. That only trees with 5 + 
5 steps were obtained in generating the sup¬ 
porting indices is decided by the computer 
capacity to calculate the data. For our data, 
heuristic searches for trees with 5 + 5 steps 
reached the limit of the computer capacity. 
The bootstrap value (Felsenstein, 1985; San¬ 
derson, 1995) was obtained from 1000 boot¬ 
strap replicates using the full heuristic op¬ 
tion. As pointed out elsewhere (Meng and 
Wyss, 2001), although including the boot¬ 
strap values, we are aware of the limitations 
of this method (Kluge and Wolf, 1993; Car¬ 
penter, 1996). 

Results 

Cladograms: Five cladograms are illus¬ 
trated out of numerous trees produced during 
our analyses. The statistics of each clado- 
gram is presented below. Cladogram 1 is the 
strict consensus tree of 768 equally most par¬ 
simonious trees (MPT) based on the dental 
matrix with all characters unordered (fig. 72). 
Each MPT has the following parameters: tree 
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length (TL) = 352; consistency index (Cl) = 
0.5114; homoplasy index (HI) = 0.4886; re¬ 
tention index (RI) = 0.8499 (Cl excluding 
uninformative characters, HI excluding un¬ 
informative characters and rescaled consis¬ 
tency [RC] index are not cited). Statistics of 
the consensus tree of the 768 MPT include 
TL = 361, Cl = 0.4986, HI = 0.5014, RI = 
0.8421, and RC = 0.4199. 

Cladogram 2 is the strict consensus of 440 
MPT (MPT TL = 501, Cl = 0.3952, HI = 
0.6048, and RI = 0.7200) derived from the 
skeletal matrix with all characters unordered 
(fig. 73). The strict consensus of the 440 
MPT has TL= 558, Cl = 0.3548, HI = 
0.6452, and RI = 0.6673. 

Cladogram 3 is the strict consensus of 10 
MPT (MPT TL = 876, Cl = 0.4315, HI = 
0.5685, and RI = 0.7765) derived from the 
combined data matrix with all characters un¬ 
ordered (fig. 74). The strict consensus of the 
876 MPT has TL = 887, Cl = 0.4262, HI = 
0.5738, and RI = 0.7715. 

Cladogram 4 is the strict consensus of two 
MPT (MPT TL = 1027, Cl = 0.3681, HI = 
0.6319, and RI = 0.7902) derived from the 
combined data matrix with all characters or¬ 
dered (fig. 75). The only difference of the 
two MPT is the positions of Mimotona and 
Mimolagus. Figure 75 illustrates one of the 
two. In the other tree, the positions of the 
two taxa are switched. 

Cladogram 5 is the strict consensus of six 
MPT (MPT TL = 882; Cl = 0.4286; HI = 
0.5714; RI = 0.8072) derived from the com¬ 
bined data matrix with some characters or¬ 
dered irreversibly (11, 16, 17, 19, 20, 21, 23, 
25, 27, 28, 29, 30, 32, 34, 36, 47, 48, 226, 
and 227) (fig. 76). The consensus tree of the 
six MPT has TL = 882, Cl = 0.4286, HI = 
0.5714, and RI = 0.8072. 

Cladogram 3 (fig. 74) is our preferred re¬ 
lationship of the selected taxa. Bremer index, 
assigned branch length, and bootstrapping 
value for each node are attached to the clad¬ 


ogram. The trees that are used for calculating 
the Bremer supporting indices are as follows: 
877 steps (249 trees), 878 (2491), 879 
(17,850), 880 (87,932), and 881 (362,600). 
The calculation was truncated in searching 
for trees of 881 steps because of computer 
memory outage. Therefore, the number of 
trees with 881 steps is incomplete. Nonethe¬ 
less, the results provide an estimate of ro¬ 
bustness for nodes. If a node has a Bremer 
supporting index of 5, that node is presented 
in all the 363600 trees with tree length of 
881 steps or fewer. That node is therefore 
considered to be robust. If a node has a zero 
value for the index, the node occurs only in 
the 10 MPT. Bootstrapping value was ob¬ 
tained from three runs of full heuristic 
searches, each with 1000 replicates. The 
bootstrapping value for a node resulted from 
the three calculations may be different. The 
difference is no more than 3%. Apomorphic 
states from both ACCTRAN and DELTRAN 
options that diagnose nodes and terminal 
taxa of cladogram 3 are presented in appen¬ 
dix 3. Note that character states supporting 
the same node can be quite different in the 
two lists. Those that diagnose the main nodes 
of interest for this study are listed below. 

Glires (Node 81), ACCTRAN: Incisor 
enamel restricted primarily to the labial sur¬ 
face (1—1—0.5; the numbers stand for char¬ 
acter-character state-consistency index); up¬ 
per diastema large owing to loss of canine 
and premolars (4—2—0.75); first lower incisor 
absent (7—1—1.0); first upper incisor absent 
(9—1—0.25); second deciduous lower incisor 
extending to beneath m3 and beyond (11—2— 
1.0); second lower incisor replacement ab¬ 
sent (12—1—1.0); deciduous 12 large and ex¬ 
tended into maxilla (13—2—1.0); second upper 
incisor replacement absent (15—1—1); third 
lower incisor absent (16—1—0.333); third up¬ 
per incisor posterior to dI2 (18—1—0.667); in¬ 
cisors transversely compressed with rounded 
surface (22—2—0.75); upper canine absent 


Fig. 72. The strict consensus of 768 equally most parsimonious trees (MPT) based on the dental 
matrix with all characters unordered. Each MPT tree has the following parameters: tree length (TL) = 
352; consistency index (Cl) = 0.5114; homoplasy index (HI) = 0.4886; retention index (RI) = 0.8499. 
Statistics of the consensus tree are: TL = 361, Cl = 0.4986, HI = 0.5014, RI = 0.8421, and RC = 
0.4199. 
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Fig. 73. The strict consensus of 440 MPT (MPT TL = 501, Cl = 0.3952, HI = 0.6048, and RI = 
0.7200) derived from the skeletal matrix with all characters unordered. The strict consensus has TL= 
558, Cl = 0.3548, HI = 0.6452, and RI = 0.6673. 















































































































2003 


MENG ET AL.: RHOMBOMYLUS 


149 


(23—2—0.5); lower canine absent (25—2— 
0.333); first lower premolar absent (27—1— 
0.333); first upper premolar absent (28—1— 
0.25); second lower premolar absent (29—1— 
0.333); second upper premolar conical (31— 

1— 0.6); third upper premolar oval in crown 
view and multicuspate (35—1—0.667); trigo- 
nid of p4 bicuspate (37-2-0.5); talonid of p4 
simple (39—0—0.182); centrocrista on upper 
molars absent (59—2—0.75); lower molar 
paraconid absent (77—2—0.4); lower diastema 
significant (84—2—1.0); horizontal ramus of 
mandible deep and short (86—1—1.0); coro- 
noid process somewhat reduced (88—1 — 
0.667); angular process expanded (89—1— 
0.5); mandibular condyle anteroposteriorly 
oriented (93—2—0.5); incisive foramina mod¬ 
erately elongate (96—2—0.545); infraorbital 
canal short (97—1—0.5); postglenoid foramen 
in glenoid fossa within the squamosal (99— 

2— 0.5); nasolacrimal foramen between lacri¬ 
mal and maxilla (102—1—0.4); nasolacrimal 
lateral to posterior part of incisor (103—1— 
1.0); sphenopalatine vacuity present (112—1— 
0.5); nasal broad anteriorl and narrow pos¬ 
teriorly (116—2—0.444); premaxilla contact¬ 
ing frontal narrowly (118—3—0.571); premax¬ 
illa on rostrum substantial and tapering an¬ 
teriorly (119—1—0.667); posterior edge of an¬ 
terior zygomatic root aligning with M2 or 
Ml (123-1-667); orbits shifted anterior- 
ly(127—1—0.5); jugal-lacrimal contact absent 
(137—1—0.25); glenoid fossa longitudinally 
elongate and concave (147—2—0.8); postglen¬ 
oid process absent (148—2—0.667); glenoid 
fossa shifted anterodorsally (149—1—1.0); 
third trochanter small (195-1-0.182); dorsal 
astragalar foramen absent (210—1—0.25); and 
long axes of calcaneoastragalar and susten- 
tacular facets of astragalus roughly parallel 
(213-1-0.143). DELTRAN: Incisor enamel 
restricted primarily to the labial surface (1— 

1— 0.5); first lower incisor absent (7—1—1.0); 
first upper incisor absent (9—1—0.25); second 
deciduous lower incisor extending to beneath 
m3 and beyond (11—2—1.0); second lower in¬ 
cisor replacement absent (12—1—1.0); decid¬ 
uous 12 large and extended into maxilla (13— 

2— 1.0); second upper incisor replacement ab¬ 
sent (15—1—1.0); incisors transversely com¬ 
pressed with rounded surface (22—2—0.75); 
upper canine absent (23—2—0.5); lower ca¬ 
nine absent (25—2—0.333); first lower pre¬ 


molar absent (27—1—0.333); first upper pre¬ 
molar absent (28—1—0.25); second lower pre¬ 
molar absent (29—1—0.333); second upper 
premolar conical (31—1—0.6); third upper pre¬ 
molar oval in crown view and multicuspate 
(35—1—0.667); centrocrista on upper molars 
absent (59—2—0.75); conule distinctive (62— 

1— 0.3); paracone and metacone transverse 
(63—1—0.667); lower molar paraconid absent 
(77—2—0.4); lower diastema significant (84— 

2— 1.0); horizontal ramus of mandible deep 
and short (86—1—1.0); angular process ex¬ 
panded (89—1—0.5); mandibular condyle an¬ 
teroposteriorly oriented (93—2—0.5); infraor¬ 
bital canal short (97—1—0.5); nasolacrimal fo¬ 
ramen between lacrimal and maxilla (102—1— 
0.4); nasolacrimal lateral to posterior part of 
incisor (103—1—1.0); premaxilla on rostrum 
substantial and tapering anteriorly (119—1— 
0.667); posterior edge of anterior zygomatic 
root aligning with M2 or Ml (123-1-667); 
orbits shifted anteriorly (127—1—0.5); pala¬ 
tine-lacrimal contact absent (133—1—0.5); 
postglenoid process absent (148—2—0.667); 
glenoid fossa shifted anterodorsally (149—1— 
1.0); and squamosal contribution to epitym- 
panic recess absent (170—1—0.5). 

Duplicendentata (Node 58), ACCTRAN: 
incisor enamel single-layered with HSB (2— 
2—0.667); anterior surface of dI2 grooved 
(14—1—0.5); anterior and posterior ridges of 
P4 strong surrounding the labial cusp (44— 
1—0.5); mandibular condyle height relative to 
tooth row significantly higher (85—2—0.5); 
coronoid process nearly absent (88-4- 
0.667); anterior edge of masseteric fossa be¬ 
low m3 (91—1—0.3); incisive foramina greatly 
elongate and expanded posteriorly (96—4— 
0.545); postglenoid foramen on lateral side 
of skull and between squamosal and ecto- 
tympanic or petrosal (99—3—0.5); optic fo¬ 
ramina confluent anteriorly along the skull 
midline (100—1—0.333); sphenopterygoid 
present (111—1—0.333); mastoid foramen ab¬ 
sent (114-3-0.429); skull arched (115—1— 
1.0); nasal broad throughout with rounded 
posterior margin (116—3—0.444); premaxilla 
posterior process long and needle-shaped 
(118—4—0.571); ventral projection of maxilla 
at anterior zygomatic arch present (124—1— 
1.0); zygomatic fossa for masseter lateralis 
present (125-1-1.0); hard palate short (131— 
1—0.5); posterior projection of jugal present 
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(139—1—1.0); anterior projection of frontal 
between premaxilla and maxilla present 
(144—1—1.0); postorbital process of frontal 
present (145—1—0.222); glenoid fossa longi¬ 
tudinal but greatly shortened (147-4-0.8); 
alisphenoid-parietal contact absent owing to 
a broad squamosal-frontal contact (152—2— 
0.286); interparietal present (154-1-0.143); 
number of sacral vertebrae four or more 
(176—2—0.5); acromion not encroaching upon 
glenoid ventrally (178—1—0.2); articular sur¬ 
face on the femoral head with pronounced 
lateral and posterior extension (191—0— 
0.167); lesser trochanter medially directed 
(194—0—0.167); astragalonavicular facet on 
astragalus dorsoventrally extended (215—1— 
1.0); calcaneoastragalar facet on calcaneus 
narrow and roughly parallel to the long axis 
(219—1—0.5); and sustentaculum on the cal¬ 
caneus immediately medial to calcaneoastra¬ 
galar facet (221-1-0.5). DELTRAN: Incisor 
enamel single-layered with HSB (2—2— 
0.667); upper diastema large owing to loss of 
canine and premolars (4—2—0.75); third upper 
incisor posterior to dI2 (18—1—0.667); ante¬ 
rior and posterior ridges of P4 strong sur¬ 
rounding the labial cusp (44—1—0.5); anterior 
edge of masseteric fossa below m3 (91—1— 
0.3); incisive foramina greatly elongate and 
expanded posteriorly (96—4—0.545); premax¬ 
illa posterior process long and needle-shaped 
(118—4—0.571); ventral projection of maxilla 
at anterior zygomatic arch present (124—1— 
1.0); zygomatic fossa for masseter lateralis 
present (125—1—1.0); anterior projection of 
frontal between premaxilla and maxilla pres¬ 
ent (144—1—1.0); long axes of calcaneoastra¬ 
galar and sustentacular facets of astragalus 
roughly parallel (213-1-0.143); astragalon¬ 
avicular facet on astragalus dorsoventrally 
extended (215—1—1.0); calcaneoastragalar 
facet on calcaneus narrow and roughly par¬ 
allel to the long axis (219—1—0.5); sustentac¬ 
ulum on the calcaneus immediately medial to 
calcaneoastragalar facet (221—1—0.5); and 


plantar process of navicular elongate (225— 
1-0.333). 

Lagomorpha (Node 57), ACTRAN: Sec¬ 
ond deciduous lower incisor ever-growing 
and extended beneath p3 or ml (11—1—1.0); 
deciduous 12 ever-growing but restricted to 
premaxilla (13—1—1.0); third upper incisor re¬ 
duced and immediately behind dI2 (18—2— 
0.667); incisors anteroposteriorly com¬ 
pressed (22—1—0.75); second upper premolar 
hypsodont with enamel fold (31—3—0.6); 
third lower premolar enlarged with enamel 
folds (33—3—1.0); third upper premolar high- 
crowned and molariform (35—3—0.667); tri- 
gonid of p4 with strong ridges (37—3—0.5); 
talonid of p4 fully crested (39-2-0.182); an¬ 
terior and posterior ridges of P4 strong with 
cusp lost (44—2—0.5); P4 hypocone very 
large and anteroposteriorly extended (45—2— 
0.286); M3 greatly reduced in size (49-2- 
0.375); cheek teeth hypsodont (50—3—0.5); 
m3 significantly reduced (52—2—0.375); up¬ 
per molar protoloph forming transversely 
elongate edge (56—4—0.571); posteroloph of 
molar as a transversely elongate ridge (57— 
4—0.571); trigon basin anteroposteriorly 
compressed (58—4—0.5); paracone and meta¬ 
cone coalesced (59—3—0.75); upper molar 
protocone ridged and anteroposteriorly com¬ 
pressed (61-2-0.429); conule ridged (62-3- 
0.3); paracone and metacone confluent to 
form the anterior lobe of tooth (63—6—0.667); 
hypoflexus deep and anteroposteriorly com¬ 
pressed (68—3—0.6); hypoflexid deep (70—1— 
0.2); ectolophid absent (71—1—0.167); talonid 
basin of lower molar separated as an inde¬ 
pendent lobe (80—4—0.8); hypoconulid of m3 
incorporated into posterior cingulum (83—3— 
0.556); nasals broad throughout with V- 
shaped posterior margin (116—4—0.444); fen¬ 
estration of maxilla present (121—1—1.0); an- 
teroventral rim of orbit squared (129—1—0.5); 
alveolus of cheek teeth intrusion of orbit 
floor present (130—1—0.5); supraorbital crest 
present (146-1-0.143); distal tibia and fibula 


Fig. 74. The strict consensus of 10 MPT (MPT TL = 876, Cl = 0.4315, HI = 0.5685, and RI = 
0.7765) derived from the combined data matrix with all characters unordered. The strict consensus has 
TL = 887, Cl = 0.4262, HI = 0.5738, and RI = 0.7715. Numbers attached to nodes are Bremer index- 
assigned branch length-bootstrapping value. Supporting synapomorphs for some nodes are discussed in 
the text and those for all nodes are listed in appendix 3. 
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fused at midshaft (199—2—0.333); fibula slim 
(201—1—0.125); astragalar neck moderate or 
long (214—1—0.143); calcaneofibular facet on 
calcaneus facing dorsally and broad (218—2— 
0.6); and calcaneoastragalar facet at about 
midpoint along length or nearer to proximal 
than distal end (220-1-0.167). DELTRAN: 
Second deciduous lower incisor ever-grow¬ 
ing and extended beneath p3 or ml (11—1— 
1.0); deciduous 12 ever-growing but restrict¬ 
ed to premaxilla (13—1—1.0); anterior surface 
of dI2 grooved (14—1—0.5); third lower in¬ 
cisor absent (16—1—0.333); third upper inci¬ 
sor reduced and immediately behind dI2 (18— 
2—0.667); incisors anteroposteriorly com¬ 
pressed (22—1—0.75); second upper premolar 
hypsodont with enamel fold (31—3—0.6); 
third lower premolar enlarged with enamel 
folds (33—3—1.0); third upper premolar high- 
crowned and molariform (35—3—0.667); tal- 
onid of p4 fully crested (39-2-0.182); ante¬ 
rior and posterior ridges of p4 strong with 
cusp lost (44—2—0.5); P4 hypocone very 
large and anteroposteriorly extended (45—2— 
0.286); M3 greatly reduced in size (49-2- 
0.375); cheek teeth hypsodont (50—3—0.5); 
m3 significantly reduced (52—2—0.375); up¬ 
per molar protoloph forming transversely 
elongate edge (56—4—0.571); posteroloph as 
a transversely elongate ridge (57—4—0.571); 
trigon basin anteroposteriorly compressed 
(58—4—0.5); paracone and metacone coa¬ 
lesced (59—3—0.75); upper molar protocone 
ridged and anteroposteriorly compressed 
(61-2-0.429); conule ridged (62-3-0.3); 
paracone and metacone confluent to form the 
anterior lobe of tooth (63—6—0.667); hypo- 
flexus deep and anteroposteriorly com¬ 
pressed (68-3-0.6); hypoflexid deep (70-1- 
0.2); ectolophid absent (71—1—0.167); talonid 
basin of lower molar separated as an inde¬ 
pendent lobe (80—4—0.8); hypoconulid of m3 
incorporated into posterior cingulum (83—3— 
0.556); mandibular condyle significantly 
higher than tooth row (85—2—0.5); coronoid 
process nearly absent, forming a rudimentary 


process much lower than the condyle (88—2— 
0.5); postglenoid foramen on lateral side of 
skull and between squamosal and ectotym- 
panic or petrosal (99—3—0.5); left and right 
optic foramina confluent anteriorly along the 
skull midline (100-1-0.333); sphenopalatine 
vacuity present (112—1—0.5); skull arched 
(115—1—1.0); fenestration of maxilla present 
(121-1-1.0); hard palate short (131-1-0.5); 
posterior projection of jugal present (139—1— 
1.0); glenoid fossa longitudinal but greatly 
shortened (147—4—0.8); alisphenoid-parietal 
contact absent owing to a broad squamosal- 
frontal contact (152-2-0.286); interparietal 
present (154—1—0.143); external auditory ca¬ 
nal present (159—1—0.167); number of sacral 
vertebrae four or more (176—2—0.5); acro¬ 
mion not encroaching upon glenoid ventrally 
(178—1—0.2); articular surface on the femoral 
head with pronounced lateral and posterior 
extension (191—0—0.167); distal femur deep¬ 
er than wide (197-1-0.1); distal tibia and fib¬ 
ula fused at midshaft (199—2—0.333); fibula 
slim (201—1—0.125); astragalar neck moder¬ 
ate or long (214—1—0.143); calcaneofibular 
facet on calcaneus facing dorsally and broad 
(218—2—0.6); and calcaneoastragalar facet at 
midpoint or near proximal end (220—1— 
0.167). 

Simplicendentata (Node 80), ACCT- 
RAN: Upper diastema significantly larger 
than lower diastema (4—3—0.75); third upper 
incisor absent (17—1—0.333); second upper 
premolar absent (30—1—0.333); dorsal pala¬ 
tine foramen situated between palatine and 
maxilla (106—1—0.5); sphenopalatine fora¬ 
men between palatine and maxilla (108—1— 
0.429); hamulus-bulla contact present (153— 
1—0.5); course of distal internal carotid artery 
on promontorium absent owing to loss of the 
artery (166—4—0.267); course of stapedial ar¬ 
tery as groove on promontorium (167—0— 
0.2); distal articulation surface of radius with 
single concave fossa (187—0—0.333); poste¬ 
rior process on distal end of tibia present 
(203—1—1.0); calcaneus relatively broad 


Fig. 75. The strict consensus of 2 MPT (MPT TL = 1027, Cl = 0.3681, HI = 0.6319, and RI = 
0.7902) derived from the combined data matrix with all characters ordered. The only difference of the 
two MPT is the positions of Mirnotona and Mimolagus. In the other tree the positions of the two taxa 
are switched. 
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(217—0—0.25); and medial tarsal sesamoid 
bone present (224-1-1.0). DELTRAN: Up¬ 
per diastema significantly larger than lower 
diastema (4—3—0.75); third lower incisor ab¬ 
sent (16—1—0.333); third upper incisor absent 
(17—1—0.333); second upper premolar absent 
(30-1-0.333); trigonid of p4 bicuspate (37— 
2—0.5); mandibular condyle height relative to 
tooth row somewhat higher and posterodor- 
sally extended (85—1—0.5); coronoid process 
somewhat reduced (88—1—0.667); incisive fo¬ 
ramina moderately elongate (96—2—0.545); 
dorsal palatine foramen situated between pal¬ 
atine and maxilla (106—1—0.5); sphenopala¬ 
tine foramen between palatine and maxilla 
(108—1—0.429); premaxilla contacting frontal 
narrowly (118—3—0.571); jugal-lacrimal con¬ 
tact absent (137—1—0.25); glenoid fossa lon¬ 
gitudinally elongate and concave (147—2— 
0.8); hamulus-bulla contact present (153—1— 
0.5); posterior process on distal end of tibia 
present (203—1—1.0); calcaneus relatively 
broad (217—0—0.25); and medial tarsal sesa¬ 
moid bone present (224—1—1.0). 

Eurymylidae (Node 61), ACCTRAN: In¬ 
cisor enamel double-layered with HSB (2—1— 
0.667); labial cusp of P4 double, including a 
smaller metacone (42—1—0.231); mure pre¬ 
sent (69—1—0.2); mandibular condyle ovoid 
(93—0—0.5); sphenopalatine vacuity absent 
(112—0—0.5); mastoid foramen single within 
mastoid (114—1—0.429); jugal ventral process 
in zygomatic arch present (143—1—1.0); mas¬ 
toid of petrosal inflated (155—1—0.333); ex¬ 
posure of mastoid of petrosal on skull roof 
present (156—1—1.0); facial nerve partially 
enclosed by bone (169-1-0.222); central 
process of the radial head well developed 
(185—1—0.2); centrale absent in adult (189— 
1—0.5); lateral process of astragalus absent 
(208—1—0.2); and calcaneofibular facet on 
calcaneus present as an oblique surface 
(218-0-0.6). DELTRAN: Incisor enamel 
double-layered with HSB (2—1—0.667); labial 
cusp of P4 double, including a smaller meta¬ 
cone (42-1-0.231); mure present (69-1- 


0.2); and calcaneofibular facet on calcaneus 
present as an oblique surface (218—0—0.6). 

Rodentia (Node 78), ACCTRAN: Incisor 
enamel double-layered with HSB (2—1 — 
0.667); incisor enamel type pauciserial (3—1— 
0.6); talonid of p4 tricuspate (39—1—0.182); 
upper cheek teeth increase in width posteri¬ 
orly (49—1—0.375); upper molar crown quad¬ 
rate (53—2—0.429); precingulum distinctive 
along the anterior edge of the tooth (54—1— 
0.6); molar mesostyle present (60—1—0.143); 
mure present (69—1—0.2); entoconid of lower 
molar anteriorly shifted (81-1-0.333); hy- 
poconulid of m3 incorporated into posterior 
cingulum (83—3—0.556); angular process 
bending inward (90—1—0.667); and posterior 
edge of anterior zygomatic root anterior to 
Ml (123-2-0.667). DELTRAN: Incisor 
enamel double-layered with HSB (2—1 — 
0.667); third upper premolar small and con¬ 
ical (35—2—0.667); talonid of p4 tricuspate 
(39—1—0.182); upper cheek teeth increase in 
width posteriorly (49—1—0.375); upper molar 
crown quadrate (53—2—0.429); precingulum 
distinctive along the anterior edge of the 
tooth (54—1—0.6); molar mesostyle present 
(60-1-0.143); mure present (69-1-0.2); hy- 
poconulid of m3 incorporated into posterior 
cingulum (83—3—0.556); single mental fora¬ 
men (87—1—0.167); angular process bending 
inward (90—1—0.667); postglenoid foramen 
on lateral side of skull within squamosal 
(99—4—0.5); sphenopalatine vacuity present 
(112—1—0.5); nasal broad anteriorly but nar¬ 
row posteriorly (116—2—0.444); posterior 
edge of anterior zygomatic root anterior to 
Ml (123-2-0.667); alisphenoid-frontal con¬ 
tact present (151—1—0.25); ulnar facet of the 
radial head convex and ovoid (186—0—0.2); 
distal articulation surface of radius with sin¬ 
gle concave fossa (187—0—0.333); scaphoid 
and lunate fused in adult (188—1—0.25); and 
long axes of calcaneoastragalar and susten- 
tacular facets of astragalus roughly parallel 
(213-1-0.143). 


Fig. 76. The strict consensus of six MPT (MPT TL = 882, Cl = 0.4286, HI = 0.5714, RI = 0.8072) 
derived from the combined data matrix with some characters ordered as irreversible-up (11, 16. 17, 19, 
20, 21, 23, 25, 27, 28, 29, 30, 32, 34, 36, 47, 48, 226, and 227). The consensus tree has TL = 882, Cl 
= 0.4286, HI = 0.5714, and RI = 0.8072. 
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DISCUSSION 

Comparison of Cladograms: Calcula¬ 
tions based on both dental and skeletal data 
identified the clade of Glires, but the dental 
results differ from the skeletal results in sev¬ 
eral aspects. The dental tree has a better res¬ 
olution for gliroid mammals, although dental 
characters are fewer (95) than the skeletal 
characters (132). The lower resolution of the 
skeletal tree is probably the result of missing 
cranial and postcranial data in many fossil 
taxa. If a clade is present in both the dental 
and skeletal trees, it is retained in the tree 
derived from the combined data, such as the 
duplicendentates and the hystricognaths ex¬ 
cluding Tsaganomys. However, if a clade is 
present only in either the dental or the skel¬ 
etal tree, it may not be identified in the com¬ 
bined tree. For instance, the clade consisting 
of Paradjidaumo, Florentiamys, and Grego- 
rymys is identified in the skeletal tree but not 
in the dental tree; however, it is present in 
the combined tree. The clade consisting of 
Reithroparamys, Sciurus, and Mannota is 
present in the skeletal tree but not in the den¬ 
tal tree; it is not identified in the combined 
tree. 

In the dental tree, Plesiadapis is the sister 
group of the Glires. This indicates the dental 
similarity between early plesiadapids and gli¬ 
roid mammals, as recognized by McKenna 
(1961). In the skeletal tree, the sister group 
of the Glires is a clade that comprises the 
following groups: ((( Leptictis , ( Petrodromus, 
Rhynchocyon)) (( Tupaia, Cynocephalus) 
((Plesiadapis ( Notharctus, Adapis ))). The 
grouping of Hyopsodus, Plienacodus, Ana- 
gale, Anagalopsis and Pseudictops is uncon¬ 
ventional. 

When characters are ordered or partially 
ordered (figs. 75, 76), the number of MPTs 
is reduced to two and six, respectively. Con¬ 
sequently, the two consensus trees of the or¬ 
dered MPTs have higher resolutions, partic¬ 
ularly in the clade of Glires, than do the un¬ 
ordered MPTs. Nonetheless, the differences 
between these consensus trees are not enor¬ 
mous. The unordered and partially ordered 
consensus trees are more similar in that the 
clade consisting of Anagalopsis, Anagale, 
and Pseudictops forms the sister group of the 
Glires. They are also similar in having a 


clade comprising Leptictis, Cynocephalus, 
Tupaia, and primates ( Plesiadapis, Notharc¬ 
tus, and Adapis). 

Nongliroid Mammals: The phylogenetic 
placement of various nongliroid mammals in 
this analysis may be relevant to higherlevel 
mammalian phylogeny. However, as stated 
by Meng and Wyss (2001), because this 
study is intended solely to test relationships 
among basal gliroid mammals (not a full- 
scale analysis of interordinal relationships 
among placentals), we ascribe little signifi¬ 
cance to the relationships suggested outside 
the clade Glires. Nonetheless, we would like 
to comment on a recent proposal that specif¬ 
ically addressed the Glires relationship. In a 
recent study of Cretaceous and Tertiary eu- 
therians, Archibald et al. (2001: 64) conclud¬ 
ed that the results of their analysis “support 
a superordinal clade including zalambdales- 
tids and Glires”. Based on that phylogeny, 
the authors reasoned that presence of za- 
lambdalestids in the 85—90-Myr-old faunas at 
Dzharakuduk “argues that the superordinal 
clade including Glires had separated from 
other superordinal placental clades by this 
time”. Therefore, they called zalambdales- 
tids late Cretaceous relatives of rabbits and 
rodents and considered their results to be 
concordant with molecularly based estimates 
for the superordinal diversification of placen¬ 
tals. 

Although Archibald et al.’s (2001) study 
identified zalambdalestids among the Creta¬ 
ceous eutherians selected for their analysis as 
the sister taxon of the Glires, it did not suf¬ 
ficiently test whether the Glires, represented 
by Tribosphenomys and Mimotona in their 
analysis, is the Tertiary group that is most 
closely related to zalambdalestids. In addi¬ 
tion to Tribosphenomys and Mimotona only 
two Tertiary ungulates, Protungulatum and 
Oxyprimus, were included in Archibald et 
al.’s (2001) study. These ungulates are dis¬ 
tantly related to the Glires, and their sepa¬ 
ration from Tribosphenomys and Mimotona 
is not a surprise. As shown in the Introduc¬ 
tion, however, a Glires relationship has been 
proposed for many other Tertiary eutherians, 
particularly primates, leptictids, tree shrews, 
pseudictopids, anagalids, and macrosceli- 
deans. None of these taxa was included in 
the study of Archibald et al. (2001). An ap- 
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propriate phylogenetic analysis to test Glires 
relationships should involve these taxa. 
When relevant Tertiary taxa were included in 
a previous study (Meng and Wyss, 2001) and 
in the present study, zalambdalestids are not 
the sister group of the Glires. In the tree 
based on the dental characters (fig. 72), a po- 
lytomy is formed among zalambdalestids, 
Leptictis, (Cynocephalus + Tupaia), and a 
clade consisting of the remaining taxa se¬ 
lected for this study. In all other trees (figs. 
73—76), zalambdalestids are the sister group 
to all other Tertiary taxa and are distantly 
related to the Glires. This relationship is rel¬ 
atively strongly supported by Bremer index, 
branch length, and bootstrap values at nodes 
91 and 92 (fig. 74). Our study thus shows 
that a superordinal clade including zalamb¬ 
dalestids and Glires is unsupported. 

Glires: Glires monophyly has been one of 
the most controversial issues in higherlevel 
mammalian systematics (Wilson, 1949; 
Wood, 1957; McKenna, 1975; Luckett and 
Hartenberger, 1985, 1993; Li and Ting, 1985; 
Novacek, 1992; Meng and Wyss, 2001). As 
mentioned above, Rodentia and Lagomorpha 
have each been related to various mamma¬ 
lian groups. The most received relationships 
include groupings of rodent-primate (Mc¬ 
Kenna, 1961), rodent-leptictid (Szalay, 1977, 
1985), and lagomorph-zalambdalestid to the 
exclusion of rodents (Szalay and McKenna, 
1971; McKenna, 1975). All of these hypoth¬ 
eses deem any similarity between rodents 
and lagomorphs as convergence. As pointed 
out elsewhere (Meng and Wyss, 2001), how¬ 
ever, dismissing the derived resemblance of 
rodents and lagomorphs to convergence re¬ 
quires identification of some third taxon 
sharing a unique common ancestry with one 
of the two groups, but lacking the derived 
similarities common to both. To our knowl¬ 
edge, no such third taxon has seriously 
threatened the sister-group relationship be¬ 
tween lagomorphs and rodents. Instead, the 
conception that rodents and lagomorphs 
share a common ancestor with other basal 
gliroid mammals such as eurymylids and 
mimotonids, an assumption amounting to an 
expanded concept of Glires, was favored by 
many morphological studies (Li, 1977; Li 
and Yan, 1979; Gingerich and Gunnell, 
1979; Gingerich and McKenna, 1980; Har¬ 


tenberger, 1980, 1985; Korth, 1984; Dawson 
et al., 1984; Flynn et al., 1986; Li et al., 
1987; Wilson, 1989; Novacek, 1992; Luckett 
and Hartenberger, 1993; Meng et al., 1994; 
Shoshani and McKenna, 1998; Meng and 
Wyss, 2001). 

During the last decade the challenge to the 
monophyly of Glires and Rodentia from 
some molecular studies has been severe. 
Based on analysis of amino acid sequence 
data, Graur et al. (1991) first questioned 
whether the guinea pig (Cavia porcellus) is 
a rodent. Their result suggested a closer 
grouping of the guinea pig with primates, not 
with other rodents, which would make the 
conventional Rodentia, and therefore Glires, 
nonmonophyletic. This hypothesis was sup¬ 
ported by several other molecular studies (Li 
et al., 1992a; Graur et al., 1996; D’Erchia et 
al., 1996). In other molecular studies the re¬ 
lationships of Rodentia and Glires were less 
certain (Ma et al., 1993; Martignetti and Bro- 
sius, 1993; Honeycutt and Adkins, 1993; 
Porter et al., 1996; Stanhope et al., 1996; Hu- 
chon et al., 1999). In addition, a primate - 
lagomorph clade (Easteal, 1990; Penny et al., 
1991), a primate-rodent-lagomorph relation¬ 
ship that is further associated with tree 
shrews (Miyamoto and Goodman, 1986; 
Czelusniak et al., 1990), and a primate su- 
praordinal clade comprised of Primates, Der- 
moptera, Scandentia, Lagomorpha, and Ro¬ 
dentia (Stanhope et al., 1993) have been pro¬ 
posed. More recent molecular studies with 
larger datasets (Madsen et al., 2001; Murphy 
et al., 2001a, 2001b) support rodent mono¬ 
phyly and the Rodentia-Lagomorpha sister- 
group relationship. Conclusions of these 
more recent molecular studies are consistent 
with those of recent morphological studies 
(e.g., Meng and Wyss, 2001; this study). In 
all the five cladograms obtained in this study 
(figs. 72—76) the Glires is identified. The 
clade is robust and supported by high values 
of Bremer index, branch length and boot¬ 
strapping value (5, 45, and 100) (fig. 74). 
Based on morphological data, the monophyly 
of Glires containing Rodentia, Lagomorpha 
and their stem taxa holds firmly. 

It has been suggested that some derived 
characters shared by rodents and lago¬ 
morphs, such as loss of canines, could be at¬ 
tributed to evolution of gnawing function; 
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therefore, they are convergences (Graur et 
al., 1996). Absence of canines occurs in oth¬ 
er mammalian groups, such as Plesiadapis, 
in which the incisors are enlarged as well, 
but Plesiadapis did not gnaw. Whether char¬ 
acter states converged should be judged by 
character congruence in a hierarchy of phy- 
logeny. Our analyses show that the enlarged 
incisors and other derived similarities shared 
by rodents and lagomorphs cannot be simply 
explained as independent evolution adapted 
to gnawing function. 

In discussing Glires relationships, Graur et 
al. (1996: 335) also suggested that “One 
simple and intriguing possible resolution of 
the conflict between morphological and mo¬ 
lecular data is to assume that many morpho¬ 
logical ‘synapomorphies’ used in support of 
Glires are actually ancestral character states 
that have been retained in some mammalian 
orders but were lost in others. If this reversal 
of character-state polarity proves valid, then 
the ancestral eutherian morphotype may have 
resembled a rodent species much more close¬ 
ly than is currently recognized in the mor- 
phopalaeontological literature.” Viewed 
within the phylogeny obtained in this study, 
a rodentlike ancestral eutherian morphotype 
appears unlikely. Features common for ro¬ 
dents and lagomorphs, such as losses of the 
incisors, canines, and premolars, modifica¬ 
tion of the glenoid fossa, and enlarged upper 
and lower incisors, are apparently derived 
conditions that evolved in the lineage toward 
rodents and lagomorphs; they are not reten¬ 
tions of a rodentlike eutherian morphotype 
that was present in the Cretaceous. 

Duplicendentata: Duplicidentata was 
once considered a subgroup within Lago- 
morpha (McKenna, 1975; Szalay, 1977). In 
addition to Duplicidentata, McKenna (1975) 
included Pseudictopidae and Zalambdalesti- 
dae within the Lagomorpha. Szalay (1977) 
considered Anagalida, Mixodontia, and Ma- 
croscelididae to be lagomorphs as well. In 
later studies (Li et al., 1987; McKenna and 
Bell, 1997), Duplicidentata was generally ap¬ 
plied to “Mimotonida” plus Lagomorpha 
that have two pairs of upper incisors. Al¬ 
though the Duplicidentata was previously 
considered to be paraphyletic in some studies 
(Li et al., 1987; Averianov, 1994), the clade 
was recognized in other studies (Meng et al.. 


1994; Wyss and Meng, 1996; Meng and 
Wyss, 2001) and is here again corroborated 
in all five cladograms (figs. 72—76). The Du¬ 
plicidentata is recognized and is relatively 
robust in having a Bremer index of 2, a 
branch length of 30, and a bootstrap value of 
90. Within the Duplicidentata, those that are 
stem taxa to the Lagomorpha (node 57), rep¬ 
resented by Mimotona and Mimolagus, do 
not form a clade. This implies that the family 
“Mimotonidae” is paraphyletic. 

Simplicendentata: Rodents and eurymy- 
lids usually form the group Simplicidentata, 
characterized mainly by a single pair of in¬ 
cisors in both lower and upper jaws. This 
group is recognized in the analyses based on 
the combined data. However, similar to an 
early study (Meng and Wyss, 2001), this 
clade is weakly supported (fig. 74). 

Eurymylidae: As pointed out by Meng 
and Wyss (2001), the names “Eurymylidae”, 
“Eurymyloidea”, and “Mixodontia” have 
been variably used for nonrodent simplici- 
dentates (e.g., Sych, 1971; Li and Yan, 1979; 
Li and Ting, 1985, 1993; Dashzeveg et al., 
1987; Li et al., 1987; Dashzeveg and Russell, 
1988; Averianov, 1994; Dashzeveg et al., 
1998). Although Dashzeveg and Russell 
(1988: 155) used “presence of a single in¬ 
cisor, little or no unilateral hypsodonty and 
widely separated protoconid and hypoconid” 
to group the Eurymylidae, a term roughly 
equivalent to the “Mixodontia” of Li et al. 
(1987), previous phylogenetic analyses usu¬ 
ally recognized eurymylids as a paraphyletic 
assemblage (Li et al., 1987; Averianov, 
1994; Meng et al., 1994; Meng and Wyss, 
2001). However, this study identifies a clade 
consisting of Eurymylus, Heomys, Rhombo- 
mylus and Matutinia, which are the core 
members of the Eurymylidae. The clade is 
supported by a Bremer index of 1, a branch 
length of 14, and a bootstrap value of 75. In 
the skeletal tree eurymylids were not clus¬ 
tered as a clade, probably because cranial and 
postcranial material are sparse in Heomys 
and Eurymylus. In the dental tree, interest¬ 
ingly, the clade of Eurymylidae is clustered 
with that of duplicidentates. It indicates that 
although eurymylids are similar to rodents in 
lacking the 13 and P2, other dental features, 
such as the bipartite structure of the lower 
cheek teeth, show similarities to dupliciden- 
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tates. This reflects the early view that Eury- 
mylus was a relative of lagomorphs (Wood, 
1942; see also Sych, 1971). 

The phylogenetic position of Sinomylus is 
unstable. It was predicted that Sinomylus 
should occupy a sister-group position to the 
clade consisting of other eurymylids and Ro- 
dentia because Sinomylus primitively re¬ 
tained the P2. That relationship is only iden¬ 
tified in the cladogram in which tooth occur¬ 
rence was ordered as normally irreversible, 
which in this particular character means that 
regaining the lost P2 is impossible. Given 
that this genus is represented by the least 
complete material among the selected taxa, 
its phylogenetic position cannot be confi¬ 
dently recognized until better material be¬ 
comes available. 

Lagomorpha: The monophyly of Lago- 
morpha has never been questioned. In this 
study this clade is strongly supported by a 
Bremer index of 5, a branch length of 36, 
and a bootstrap value of 100. The robustness 
of the clade reflects the fact that lagomorphs 
were morphologically specialized in many 
aspects of the dentition, cranium, and post¬ 
cranium, as indicated above by the large 
number of character states diagnosing the 
node. As the sister group of rodents, lago¬ 
morphs have a much lower species diversity. 
It is probably attributable to their specialized 
features in mastication and locomotion (see 
below). 

Rodentia: Compared to Lagomorpha, Ro- 
dentia is less strongly supported, with a Bre¬ 
mer index of 2, a branch length of 30, and a 
bootstrap value of 90. In an earlier study in 
which only fossil taxa were involved (Meng 
and Wyss, 2001), whether fossil taxa such as 
Cocomys and Paramys are members of the 
crown clade Rodentia could not be adequate¬ 
ly addressed. The present study shows a po- 
lytomic relationship for these fossil taxa and 
extant rodents. Therefore, their membership 
in the crown group Rodentia remains uncer¬ 
tain. Within Rodentia, the conventional sciu- 
rognath rodents are apparently paraphyletic. 
In contrast, hystricognath rodents form a ro¬ 
bust clade. Three relevant nodes (node 71, 
72 and 73) are strongly supported by Bremer 
indices of 5, 5 and 3, branch lengths of 15, 
12 and 18, and bootstrap values of 100, 97 
and 92, respectively (fig. 74). Node 71 cor¬ 


responds to the Hystricognathi (Bryant and 
McKenna, 1995; McKenna and Bell, 1997), 
and node 72 to the Hystricognathiformes 
(Bryant and McKenna, 1995) or Hystricog- 
natha (McKenna and Bell, 1997). That Ta- 
taromys forms the sister group of the Hys¬ 
tricognathiformes is also consistent with the 
phylogenetic placement of the Ctenodactyli- 
dae in the study by Bryant and McKenna 
(1995). Tataromys as a basal taxon of the 
Ctenodactylidae was also recognized in other 
studies (Wang, 1997; Dashzeveg and Meng, 
1998). 

Cavia is deeply nested in the clade of Ro¬ 
dentia. When the strict consensus tree (fig. 
74) was manipulated in MacClade, it was 
shown that removing Cavia from rodents and 
clustering it with the clade of primates in¬ 
creased the tree length by 100 steps. If Cavia 
were not a rodent and were more closely re¬ 
lated to primates as suggested by some mo¬ 
lecular studies (Graur et al., 1991; Li et al., 
1992 [Nature]; D’Erchia et al., 1996), all 
these extra steps in morphological transfor¬ 
mation involved in the selected taxa must be 
considered as convergence and require ex¬ 
planation. Based on morphological data, we 
do not see any mechanism that would explain 
such convergence, and thus think that the 
guinea pig is a rodent. 

DIVERGENCE TIME OF GLIRES 

According to the molecular time-scale 
(Kumar and Hedges, 1998), rodents are the 
earliest placental group, next only to Eden¬ 
tata, that made their first appearance about 
110 million years ago (Ma) in the Creta¬ 
ceous, and Lagomorpha occurred about 90.8 
± 2.0 Ma. Other molecular studies (Janke et 
al., 1994; Huchon et al., 2000) also suggested 
that the common ancestor of rodents was 
separated from other eutherian orders in the 
Cretaceous. The fossil record tells a different 
story. For instance, the earliest known ro¬ 
dent, Acritoparamys, occurred in the late Pa- 
leocene Clarkforkian of North America, 
about 57 Ma (Dawson and Beard, 1996; 
Woodburne and Swisher, 1995), only half the 
estimated time for the branching off of ro¬ 
dents estimated by the molecular clock hy¬ 
pothesis (Kumar and Hedges, 1998). The 
statement (Kumar and Hedges, 1998: 918) 
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that “molecular divergence times among 
sciurognath rodents are roughly four times 
older than their fossil-based estimates” may 
have over estimated the differences, because 
conventional sciurognath rodents (see Lan¬ 
dry, 1999, for an alternative view of the ter¬ 
minology), such as Acritoparamys, were 
found in early Eocene. Still, the 110 Ma di¬ 
vergence time for rodent is twice as old as 
what is indicated by the earliest fossil record. 

Apparently, the molecular clock hypothe¬ 
sis tends to push rodent divergences at vari¬ 
ous levels of the group deeper into history 
than what the fossil record indicates. The dis¬ 
crepancy is enormous. These molecular data 
contradict the conventional view of a post- 
Cretaceous—Tertiary boundary radiation of 
placental orders as shown by the fossil record 
(Gingerich, 1977; Novacek, 1992; Archibald 
and Deutschman, 2001). Below we consider 
five hypotheses relevant to the discrepancy 
between fossil and molecular dates for eu- 
therian mammals in general and Glires in 
particular. These hypotheses include (1) the 
conventional post-K-T boundary radiation of 
placental orders, (2) lower preservation rates 
of Cretaceous mammals, (3) lack of morpho¬ 
logical diagnostic features in Cretaceous 
taxa, (4) hidden fossil records in Cretaceous, 
and (5) deep superordinal branching. Prob¬ 
lems of the molecular clock hypothesis itself 
is another relevant issue that has been dis¬ 
cussed in other molecular studies (e.g., Ay¬ 
ala, 1997; Bromham et al., 1999; Rodriguez- 
Trelles et al., 2001) and is beyond the scope 
of this study. 

We will focus on the phylogeny and geo¬ 
logical distributions of gliroid mammals in 
addressing the divergence issues, because 
gliroid mammals represent a special case for 
several reasons. Taken as a whole, they dis¬ 
play the longest missing duration among all 
mammals between the fossil record and the 
divergence time estimated by the molecular 
clock (Bromham et al., 1999). As the most 
diverse placental mammals, rodents have the 
densest fossil record from the early Paleo- 
cene to Recent. Most of them have been al¬ 
ways small and many are smaller than most 
known Cretaceous mammals so that the pres¬ 
ervation rate is a less influential factor than 
in other mammals when the fossil record is 
concerned. 


Hypothesis 1 exemplifies the conventional 
view of eutherian radiation (“Explosive 
Model” of Archibald and Deutschman, 
2001) that emphasizes a post-K-T boundary 
burst radiation of modern placental orders, 
presumably taking place in the empty niches 
left by the extinction of dinosaurs (Ginger¬ 
ich, 1977; Novacek, 1992). The monophyly 
and geological distributions of basal Glires 
support this view. As shown in figures 74 
and 77, the stem taxa, including eurymylids, 
mimotonids, and alagomyids, to both clades 
of rodents and lagomorphs were found with¬ 
in the Paleogene and were bracketed in the 
monophyly of the Glires. Moreover, the ear¬ 
liest occurrence of immediate outgroups to 
the Glires, such as anagalids, pseudictopids, 
macroscelideans, and primates, are all dis¬ 
tributed in early Paleogene as well. These in¬ 
dicate that the cladogeneses between the Gli¬ 
res and other placental mammals and be¬ 
tween rodents and lagomorphs took place no 
earlier than the K-T boundary. This contra¬ 
dicts the earlier divergence times for rodents 
and lagomorphs estimated by some molecu¬ 
lar studies. 

Hypothesis 2 was called the “Short Fuse 
Model” in Archibald and Deutschman 
(2001). It indicates that the splits of modern 
placental orders are deep in the Cretaceous, 
probably resulting from the break-up of con¬ 
tinents (Hedges et al., 1996), but the early 
placental forms did not show up in the fossil 
record because Cretaceous mammals are 
small and fragile, and their preservation as 
fossils is less likely (Cooper and Fortey, 
1998; Foote et al., 1999a). However, Foote 
et al. (1999a, 1999b) showed that even if 
very low preservation rates for Cretaceous 
mammals were assumed, the gap between the 
molecularly estimated occurrence and fossil 
record is unacceptably too large. Cretaceous 
mammals, including “triconodonts”, sym- 
metrodonts, multituberculates, therians, and 
eutherians, flourished on the earth (Lillegrav- 
en et al., 1979; McKenna and Bell, 1997; 
Novacek et al., 1998). These mammals are 
generally small. It seems plainly unreason¬ 
able that these Cretaceous mammals left re¬ 
mains in the fossil record, whereas traces of 
supposed Cretaceous placental orders remain 
totally undetected. Although Cenozoic mam¬ 
mals are in general larger than Cretaceous 
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Fig. 77. Phylogenetically constrained distributions of selected taxa. Fine lines represent cladistic 
relationships of figure 74. Solid lines are geological distributions of taxa (based on McKenna and Bell, 
1997). 
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mammals so that Cenozoic preservation rates 
of fossils may be greater than those of the 
Cretaceous (Cooper and Fortey, 1998; Foote 
et al., 1999a), this assumption does not seem 
adequately applicable to the Glires. This is 
because early gliroid mammals are always 
small and many are smaller than most Cre¬ 
taceous mammals. 

Moreover, the molecular clock hypothesis 
extends not only the divergences of the or¬ 
dinal lineages of Rodentia and Lagomorpha 
into the Cretaceous, but also those of sub¬ 
groups into much earlier periods of the Ter¬ 
tiary than their earliest fossil records. Ac¬ 
cording to the molecular time-scale, sciurog- 
nath rodents made their first appearance 
about 112 ± 3.5 Ma, followed by divergenc¬ 
es of hystricognaths (109 ± 3.2 Ma), Ger- 
billidae/Muridae (66.2 ± 7.6 Ma), Muridae/ 
Cricetidae (65.8 ± 2.2 Ma), and Mus/Rattus 
(40.7 ± 0.9 Ma) (Kumar and Hedges, 1998; 
see also Janke et al., 1994). The fossil record 
shows that hystricognath rodents first ap¬ 
peared in late Eocene or early Oligocene in 
Africa, Asia, and South America (Wood, 
1968; Gagnon, 1992; Gingerich, 1993; Wyss 
et al., 1993, 1994; Bryant and McKenna, 
1995; McKenna and Bell, 1997) and that 
Mus and Rattus diverged about 8—14 Ma (Ja¬ 
cobs and Pilbeam, 1980; Jaeger et al., 1986). 
The first record of the extant genus Mus may 
only date back to 5.7 Ma (Jacobs and Downs, 
1994). Poor preservation owing to small size 
of organisms does not seem to explain the 
lack of hystricognath rodents through the 
early Eocene, the entire Paleocene, and part 
of the Cretaceous, nor does it explain the ab¬ 
sence of Mus and Rattus in the entire early 
Tertiary. 

Hypothesis 3 suggests that cladogeneses of 
rodents took place about 110 Ma but the lin¬ 
eage remained cryptic morphologically until 
it evolved diagnostic characters across the K- 
T boundary (phylogenetic fuse of Cooper 
and Fortey, 1998; Foote et al., 1999a). Both 
hypotheses 1 and 3 imply fast morphological 
modifications during a short period across 
the K-T boundary. The differences are that 
in hypothesis 1 the morphological changes 
are coeval with cladogeneses, whereas in hy¬ 
pothesis 3 the cladogeneses are scattered dur¬ 
ing the Cretaceous and are decoupled from 
punctuated morphological changes within 


mammalian lineages. Hypothesis 3 also re¬ 
quires that placental lineages, e.g., Glires, 
have low rates of morphological changes 
during the Cretaceous but high rates during 
the Tertiary and that morphological evolution 
is decoupled with molecular evolution during 
a long period. The decoupling of molecular 
and morphological evolution gains no sup¬ 
port. Instead, molecular and morphological 
evolutions appear to be related (Omland, 
1997). Lacking diagnostic characters is not a 
good argument for the absence of subgroups 
of rodents, such as Mus , in the early Tertiary 
record; this is particularly so when the clad- 
ogenesis of Mus and its sister taxon is rec¬ 
ognized in the fossil record (Jacobs and 
Downs, 1994). 

Hypothesis 4 is called the “Garden of 
Eden” (Foote et al., 1999a). It implies that 
deep splitting of modern placental mammals 
took place in areas where fossil records of 
Cretaceous placentals are unknown or sedi¬ 
ments of relevant ages are not preserved. Po¬ 
tential areas of this kind include Africa, Aus¬ 
tralia and Antarctica. The hypothesis further 
assumes that early Tertiary, about 60—65 Ma, 
early members of eutherian orders dispersed 
to northern continents from these, or one of 
these, southern continents, and were recog¬ 
nized as the post-K-T radiation (Bromham et 
al., 1999). The hypothesis intimates that 
known Cretaceous eutherians from northern 
continents have nothing to do with modern 
placental orders, which conflicts with studies 
that higherlevel taxa such as ungulates may 
have evolved from these northern eutherians 
(Archibald, 1996). Nonetheless, the Garden 
of Eden hypothesis can be tested by finding 
fossils in the southern continents (Foote et 
al., 1999a). Fossils from the early Cretaceous 
(Rich et al., 1997, 1999) were considered to 
be hedgehogs, which was therefore thought 
to corroborate the hypothesis of Garden of 
Eden (Rich et al., 2001). However, whether 
these fossils were actually hedgehogs re¬ 
mains controversial (Kielan-Jaworowska et 
al., 1998; Archer et al., 1999). Additional 
material from cranial and postcranial skele¬ 
ton of these fossils would clarify their taxo¬ 
nomic identification. 

The phylogeny and geological distribu¬ 
tions of basal gliroid mammals show that the 
early divergence area, if not the origin center. 
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of the Glires is in Asia (fig. 77). Among all 
basal gliroid taxa, such as Mimotona, Mim- 
olagus, Rhombomylus, Matutinia, Eurymy- 
lus, Heomys, Tribosphenomys, and Sinomy- 
lus, only one species of Alcigomys was found 
outside of Asia (Dawson and Beard, 1996). 
If gliroid mammals took their origin in the 
southern continents during the Cretaceous, 
the large bodies of water present between 
Asia on the one hand and the southern con¬ 
tinents on the other in late Cretaceous (Smith 
et al., 1994) were geographic barriers for the 
migration of these gliroid mammals. Some 
mechanisms have to be assumed for their 
geographic dispersal. Discovery of gliroid 
mammals in areas that are potential dispersal 
route for these mammals also tests for the 
Garden of Eden hypothesis. However, ab¬ 
sence of basal Glires, such as mimotonids 
and eurymylids, outside central Asia neither 
shows the origin of the Glires in southern 
continents, nor does it support dispersal of 
Glires from those continents. 

Again, the Garden of Eden hypothesis 
hardly explains the absence of subgroups of 
rodents, such as Mus and Rattus, in the early 
Tertiary as predicted by molecular clock hy¬ 
pothesis. Given that rodents and lagomorphs 
have a relatively dense fossil record since 
early Eocene, hidden origin centers for var¬ 
ious groups of rodents, such as Mus and Rat¬ 
tus, are untenable. 

Hypothesis 5 is called the “Long Fuse 
Model” by Archibald and Deutschman 
(2001). This hypothesis argues that although 
members of modern placental orders are not 
present in the Cretaceous, stem taxa to them 
can be found well back in the Cretaceous. 
This hypothesis was supported by a study of 
ungulates (Archibald, 1996), but was chal¬ 
lenged by others (Novacek et al., 1998, 
2000). Archibald and Deutschman (2001: 
114) stated: “it suggests that the Long Fuse 
Model may be correct for some clades (un¬ 
gulates and their relatives), but beyond this, 
the fossil record cannot distinguish between 
the Explosive and Long Fuse models. Fur¬ 
ther, this means that, for the most part, the 
fossil record cannot be used to support or 
argue against molecular studies that extend 
superordinal clades of placentals back into 
the Cretaceous.” It must be noted that mo¬ 
lecular studies not only extend superordinal 


clades of placentals into the Cretaceous, they 
do too for intraordinal groups, such as Hys- 
tricongathi and Sciurognathi of Rodentia. 
Contrary to the above statement, however, 
Archibald et al. (2001) presented a case 
study in which not only a superordinal clade 
including zalambdalestids and Glires was 
recognized, but also one thought to be con¬ 
cordant with molecularly based estimates for 
the superordinal diversification of placentals. 
It is true that the fossil record itself cannot 
distinguish between the Explosive and Long 
Fuse models, but with phylogenetic con¬ 
straints, these patterns can be recognized 
from the fossil record, as demonstrated by 
Archibald et al. (2001). 

Archibald et al. (2001: 64) concluded that 
the results of their analysis “support a su¬ 
perordinal clade including zalambdalestids 
and Glires”. Based on that phylogeny, the 
authors reasoned that presence of zalambda¬ 
lestids in the 85—90-Myr-old faunas at 
Dzharakuduk “argues that the superordinal 
clade including Glires had separated from 
other superordinal placental clades by this 
time”. These authors therefore called za¬ 
lambdalestids Late Cretaceous relatives of 
rabbits and rodents, a scenario once favored 
by McKenna (1982, 1994). Although Archi¬ 
bald et al.’s (2001) study identified zalamb¬ 
dalestids to be more closely related to the 
Glires than to other Cretaceous eutherians se¬ 
lected for their analysis, it did not sufficiently 
address whether the Glires, represented by 
Tribosphenomys and Mimotona in their anal¬ 
ysis, is the Tertiary group that is most closely 
related to zalambdalestids. As introduced 
above, Glires have been related to primates, 
leptictids, tree shrews, pseudictopids, anagal- 
ids, and macroscelideans. All these are Ter¬ 
tiary groups. An appropriate phylogenetic 
analysis to test Glires relationships should in¬ 
volve these taxa. In Archibald et al.’s (2001) 
study, however, only two Tertiary basal un¬ 
gulates, Protungulatum and Oxyprimus, were 
included. Because these ungulates are dis¬ 
tantly related to the Glires, the proposed za- 
lambdalestids-Glires link (Archibald et al., 
2001) was weakly supported. When relevant 
taxa are included in a previous study (Meng 
and Wyss, 2001), and particularly in the 
present study (figs. 74, 77), zalambdalestids 
are not the closest group to the Glires. There- 
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fore, the conclusions are unsupported that the 
superordinal clade including Glires had sep¬ 
arated from other superordinal placental 
clades some 85—90 Ma and that rabbit and 
rodent relatives were found in the Creta¬ 
ceous. 

In a previous study that involved fewer 
taxa and characters (e.g., Meng and Wyss, 
2001), zalambdalestids were nested within 
crown placentals. It is therefore feasible to 
postulate that at a broad level of the mam¬ 
malian phylogeny, such as the clade of 
“Euarchontoglires” of Murphy et al. 
(2001b), placentals may have occurred with¬ 
in the Cretaceous. Murphy et al. (2001b), 
based on their molecular data and the study 
of Archibald et al. (2001), suggested that za¬ 
lambdalestids may be early representatives of 
Euarchontoglires. However, in the present 
study zalambdalestids form the outgroup to 
all selected Tertiary taxa in all cladograms 
(e.g., fig. 77) except in the dental tree in 
which a polytomy was formed. In other 
words, zalambdalestids are not within the 
crown group placentals. As shown in figure 
74, this relationship (nodes 91 and 92) is 
quite stable. Both nodes are supported by 
Bremer indices 2 and 3, branch lengths of 13 
and 11, and bootstrap values of 80 and 100. 
Thus, it remains an open question whether 
modern placental mammals have occurred in 
the Cretaceous, either at an ordinal level, 
such as Rodentia and Lagomorpha, or at a 
higher level, such as Glires. 

In summary, phylogenies and geological 
distributions of gliroid and other eutherian 
mammals selected for this study indicate that 
divergences of the Glires from other placen¬ 
tal clades, between Lagomorpha and Roden¬ 
tia, and between sciurognath and hystricog- 
nath rodents do not predate the Cretaceous- 
Tertiary boundary. The results of our analy¬ 
ses support the traditional view that modern 
eutherian orders evolved after the K-T 
boundary in an explosive pattern. They dis¬ 
agree with the hypotheses that discrepancies 
between the molecular clock dating and fos¬ 
sil record for modern placental divergences 
are owing to low preservation rates of Cre¬ 
taceous mammals, lack of morphological di¬ 
agnostic features in Cretaceous species, un¬ 
known Cretaceous placental fossil records in 


southern continents, or superordinal splitting 
of eutherian mammals in the Cretaceous. 

FUNCTIONAL ANALYSES OF 
MASTICATION 

Mammals are characterized by a set of 
structures used for mastication or intraoral 
processing of food, such as the secondary 
palate, heterodont teeth with precise occlu¬ 
sion, and modification of jaw muscles. With¬ 
in mammals these structures are further di¬ 
versified (Tullberg, 1899; Turnbull, 1970). A 
specialized mammalian masticatory appara¬ 
tus in gliroid mammals is characterized by 
separate incisor biting and cheek tooth chew¬ 
ing (Vinogradov, 1926; Becht, 1953; Landry, 
1957, 1970; Hiiemae, 1971a; Hiiemae and 
Houston, 1971; Wood, 1965; Druzinsky, 
1995). Gnawing is accomplished by enlarged 
upper and lower incisors that are labially 
covered with enamel and are kept honed to 
a chisel-like edge by contact of the teeth. 
Gnawing is also associated with several 
structural modifications in other regions of 
the dentition, in the skull and mandible, and 
in the jaw musculature. Because of their dis¬ 
tinctive patterns, the masticatory apparatuses 
have been used as the most important fea¬ 
tures to distinguish gliroids from other mam¬ 
mals as well as to characterize principal sub¬ 
groups within rodents. 

Studies on the masticatory apparatus of 
gliroid mammals were carried out long ago. 
For instance. Cope (1888) analyzed the me¬ 
chanical causes for the origin of the rodent 
dentition. He thought that increase in length 
of the incisor was the first factor in the order 
of time and importance during rodent evo¬ 
lution, which resulted in several structural 
changes, such as loss of the postglenoid pro¬ 
cess and specialized muscle arrangements. 
However, because of sparse specimens of 
basal gliroid mammals, early evolution of the 
most important apparatus characterizing the 
group has not been systematically investigat¬ 
ed. Our knowledge about this apparatus is 
only from fragmentary teeth and jaws. Com¬ 
plete skulls and lower jaws are unknown 
from early relatives of rodents and lago- 
morphs, except Rhombomylus. In this sec¬ 
tion, we analyze the functional aspects of the 
masticatory apparatus of Rhombomylus and 
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discuss their implication for evolution of the 
complex in early gliroid mammals. 

Skull Shape 

The skull shape, such as the relative 
breadth, was thought to relate to the direction 
of chewing in pocket gophers (Merriam, 
1895) and in some capromyid rodents 
(Woods and Howland, 1979). Those rodents 
with a propalinal power stroke have a rela¬ 
tively narrow skull (dolichocephalic), where¬ 
as others with an oblique power stroke have 
a broad skull (platycephalic). The relative 
breadth is the ratio of the zygomatic breadth 
to the least interorbital constriction (Wilkins 
and Woods, 1983; Wilkins, 1988; Wilkins 
and Cunningham, 1993). The zygomatic 
breadth measures at the widest points on the 
outer surface of the arches, and the least in¬ 
terorbital constriction is between the orbits at 
the dorsal surface of the skull. Other studies 
show that mastication and skull morpholo¬ 
gies are not significantly related (Wilkins, 
1988; Wilkins and Cunningham, 1993). A 
platycephalic condition may be related to 
fossorial life (Wilkins and Woods, 1983) or 
to hearing of substrate-borne vibrations (Wil¬ 
kins and Cunninham, 1993). In Rhombomy¬ 
lus this ratio is about 2 (47/24 mm) in 
V5278; it is considerably smaller than those 
of some living rodents, which range from 2.4 
to about 5. However, the ratio may be biased 
by the relatively small orbit in Rhombomylus, 
that is, relatively greater interorbital constric¬ 
tion, which does not adequately reflect the 
skull shape in general. Comparing the ratio 
of the zygomatic breadth to the skull length 
of Rhombomylus with those derived from 
measurements in living rodents (Wilkins and 
Cunningham, 1993: table 1), the skull of 
Rhombomylus is narrow, although Rhombo¬ 
mylus chewed transversely (see below). This 
demonstrates that skull breath does not cor¬ 
relate to the direction of mastication in early 
gliroid mammals. 

In rodents there are traditionally four types 
of zygomasseteric morphology, the protro- 
gomorph, sciuromorph, hystricomorph, and 
myomorph. If a small infraorbital foramen 
results from a secondary closing over of the 
dorsal portion of the myomorphic infraorbital 
foramen by a hypertrophid zygomatic plate 


(Landry, 1999), then a geomorph skull con¬ 
dition may be distinguished. The geomorph 
condition, however, is superficially similar to 
that of sciuromorphs, although its zygomatic 
plate is more extensive. The protrogomorph 
type is common in early rodents (Wood, 
1962; Li et al., 1989; Korth, 1994) and is 
retained only in Aplodontia among living ro¬ 
dents. In other types of skull morphology the 
infraorbital canal, the zygomatic plate, and 
the rostrum are specialized so that the origin 
of at least one bundle of jaw muscles is sig¬ 
nificantly shifted anteriorly. The anterior 
placement of the muscle emphasizes antero¬ 
posterior movement of the lower jaws for 
gnawing. The lagomorph condition differs 
from those of rodents in lacking enlargement 
of the infraorbital foramen and zygomatic 
plate. In addition, the jaw muscles do not 
shift anteriorly (see below). The skull of 
Rhombomylus is most nearly comparable to 
the protrogomorph condition. However, be¬ 
cause of the ventral process of the zygoma, 
the origin of the superficial masseter does not 
originate on the ventral surface of the zygo¬ 
matic arch ventral to the infraorbital fora¬ 
men, as in the protrogomorph skull. The 
skull morphology of Matutinia (Ting et al., 
2002) is similar to that of Rhombomylus. 
Whether this condition is present in other eu- 
rymylids is unknown. 

Reconstruction of Jaw Musculature 

Functionally, the masticatory apparatus is 
a complex adapted to optimal transmission of 
force from muscles to teeth. The functional 
activity of the jaws in rodents comprises 
three parts, chewing, gnawing, and shifting 
between them, which are powered by differ¬ 
ent combinations of muscle activities (Becht, 
1953; Wood, 1965). Chewing by the cheek 
teeth is characterized by a vertical or trans¬ 
verse movement, with the condyle located to¬ 
ward the posterior end of the glenoid cavity 
and the incisors separated. This would have 
involved the use of the main part of the tem¬ 
poral, the deep masseter, and the internal 
pterygoid. Gnawing is a type of incisive 
movement carried out by means of upper and 
lower pairs of enlarged incisors and is ca¬ 
pable of reducing hard fibrous substances in 
which the separated material is not always 
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Fig. 78. Estimated areas of origin (A) and insertion (B, C) of jaw muscles in Rhombomylus. A, 
Lateral view of the skull (the skull being slightly transversely compressed). B, Lateral view of the 
mandible. C, Medial view of the mandible. 
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ingested (Moore, 1981). During gnawing the 
condyle moves forward to the anterior end 
of the glenoid fossa and the cheek teeth are 
disengaged. The same combination of mus¬ 
cles plus the masseter superficialis would 
provide the motion of the lower incisor 
against the upper incisor. The shifting com¬ 
ponent from chewing to gnawing would be 
brought about by the anterior portion of the 
temporal, the lateral pterygoid, and the mas¬ 
seter superficialis. The posterior portion of 
the temporal and the digastric are responsible 
to move the jaw from gnawing back to chew¬ 
ing. 

To understand the mastication of Rhom- 
bomylus, we attempted to reconstruct its jaw 
muscles. Although myological features, par¬ 
ticularly those associated with mastication, 
are important in rodent relationships and 
evolution (Woods and Hermanson, 1985), 
this array of characters can only be inferred 
from osteological structures for fossils. The 
jaw muscle reconstruction of Rhombomylus 
is based on comparison with rodent skeletal 
features in the following studies: Turnbull 
(1970), Hiiemae and Houston (1971), Coo¬ 
per and Schiller (1975), Gorniak (1977), 
Woods and Howland (1979), Byrd (1981), 
Druzinsky (1995), Ball and Roth (1995), and 
Thorington and Darrow (1996). These stud¬ 
ies provided detailed anatomies of jaw mus¬ 
cles, as well as their origin and insertion sites 
in protrogomorph, sciuromorph, hystrico- 
morph, and myomorph rodents. Because the 
subdivisions of muscle groups are not always 
clear and because boundaries of origins and 
insertions of these muscle bundles may not 
be recognizable on the skeleton (Thorington 
and Darrow, 1996), reconstruction of the 
masticatory muscles of Rhombomylus can 
only be made with certain conjecture for ma¬ 
jor muscle bundles. We reconstruct the fol¬ 
lowing portions of masticatory musculature 
for Rhombomylus : the superficial masseter, 
deep masseter, zygomaticomandibularis, 
temporalis, and pterygoid (medial and later¬ 
al) muscles. Smaller muscles with relatively 
minor effect on mastication are untreated. 
These include the digastric, transverse man¬ 
dibular, mylohyoid, geniohyoid, stylohyoid, 
genioglossus, hyoglossus, and styloglossus. 

Superficial Masseter: For many rodents, 
the origin of the superficial masseter is a ten¬ 


don that attaches to a masseteric tuberosity 
on the side of the rostrum. For Aplodontia, 
the only protrogomorphic taxon among ex¬ 
tant rodents, it originates on the ventral side 
of the zygomatic arch immediately ventral to 
the infraorbital foramen (Thorington and 
Darrow, 1996). The area for the origin of the 
superficial masseter is slightly concave. The 
muscle inserts on the angular process of the 
mandible. The superficial masseter is a rela¬ 
tively conservative muscle and changes very 
little in its origin and insertion during evo¬ 
lution (Wood, 1965) and among groups of 
rodents (Thorington and Darrow, 1996). 

There is no masseteric tuberosity or con¬ 
cave area to indicate the origination of the 
superficial masseter in Rhombomylus. Be¬ 
cause of the special architecture of the zy¬ 
gomatic arch, the superficial masseter of 
Rhombomylus cannot originate from the ven¬ 
tral surface of the arch as in Aplodontia or 
in primitive rodents such as paramyines 
(Wood, 1962, 1965). It is most likely, how¬ 
ever, that the superficial masseter originates 
on the flat area posteroventral to the infra¬ 
orbital foramen and immediately ventral to 
the anterior edge of the orbit (figs. 78, 79). 
This area is also the anterior surface of the 
zygomatic root of the maxilla. It is possible 
that the origin may extend ventrally at a cer¬ 
tain degree on the anterior surface of the zy¬ 
gomatic process of the maxilla. Such an ex¬ 
tended origin is seen in the Old World squir¬ 
rel Ratufa (Thorington and Darrow, 1996), 
although at a more anterior position than in 
Rhombomylus. 

The superficial masseter of Rhombomylus 
must insert on the ventral edge of the angular 
process and may wrap over under the medial 
side of the process, as in rodents (figs. 78, 
79). Because of the long angular process, the 
superficial masseter is elongate posteriorly. 
While the mandible is at its rest position, the 
longest extension of the muscle, measuring 
from the anteromost point for the origin to 
the posterior tip of the angular process for 
the insertion, is about 50 mm in 1VPP 
V5278. The superficial masseter is therefore 
the longest jaw muscle in Rhombomylus. As 
the major muscle to move the mandible for¬ 
ward, the superficial masseter must be long 
enough so that it can work to bring the jaw 
forward at least the minimum working dis- 
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tance (fig. 79). The minimum working dis¬ 
tance is between the tip of the upper incisor 
and the posterior edge of the wear facet on 
the lower incisor while the mandible is at 
rest. In IPVV V5278, the minimum working 
distance is 9.3 mm. Because of the relatively 
low position of the origin for the superficial 
masseter in Rhombomylus, the muscle fibers 
must be oriented quite horizontally, and the 
anterior pull provided by the superficial mas¬ 
seter can be significant (fig. 79A, B). Differ¬ 
ing from those of rodents, the origin and in¬ 
sertion of the superficial masseter in Rhom¬ 
bomylus are more posterior. Although the 
elongate angular process gives the muscle 
enough length to work, it is less efficient me¬ 
chanically than those of rodents in which 
both the origin and insertion of the superfi¬ 
cial masseter are more anteriorly located. 

Deep Masseter: The deep masseter has 
been differentiated into two portions, the an¬ 
terior and posterior, at least at its origin in 
rodents. This differentiation is especially ad¬ 
vanced in sciuromorphs in which the anterior 
deep masseter is larger and extends to a 
broad zygomatic plate anteroventral to the 
infraorbital foramen, whereas the posterior 
deep masseter generally originates from the 
ventral and lateral sides of the zygomatic 
arch (Ball and Roth, 1995; Thorington and 
Darrow, 1996). The anterior fibers of the an¬ 
terior deep masster insert on the anterior area 
of the masseteric fossa, whereas the rest of 
the deep masseter insert on the ventral por¬ 
tion of the masseteric fossa. In general, the 
action line of the anterior deep masseter is 
nearly perpendicular to the moment arm of 
the mandible, while the posterior one has an 
acute angle to the moment arm and, there¬ 
fore, less mechanical advantage (Thorington 
and Darrow, 1996). In the protrogomorph 
Aplodontia, this differentiation is not so dis¬ 
tinctive (Thorington and Darrow, 1996). In 
some rodents that have a similar deep zy¬ 
gomatic arch, such as Capromys, the poste¬ 
rior deep masseter originates from the lateral 
jugal fossa and is correspondingly broad 
(Woods and Howland, 1979). In comparison, 
the deep masseter muscle of Rhombomylus 
must have originated from the lateral jugal 
fossa and probably extended posteriorly on 
the lateral surface of the zygomatic arch 
(figs. 78, 79). An anterior deep masseter may 


have differentiated and attached to the area 
anterior to the fossa. Its anterior extremity 
does not seem to extend anteriorly over the 
level of the midpoint of the orbit, which dif¬ 
fers from the condition in all rodents. The 
deep masseter inserts on the ventral surface 
of the masseteric fossa of the mandible, dor¬ 
sal to the insertion of the superficial masseter 
but ventral to that of the zygomaticomandi- 
bularis (figs. 78, 79). Given the size and 
depth of the lateral jugal fossa, the deep mas¬ 
seter must have been sizable and supplies the 
main force for mastication as in rodents. 

Zygomaticomandibularis: The zygoma- 
ticomandibularis had been considered either 
as part of the masseter (masseter medialis of 
Tullberg, 1899: 61—62; masseter profundus 
of Howell, 1932: 410-411) or as a separate 
muscle (Muller, 1933; Turnbull, 1970). The 
latter is commonly accepted in recent rodent 
anatomy (e.g.. Ball and Roth, 1995; Thoring¬ 
ton and Darrow, 1996) and is followed here¬ 
in. The zygomaticomandibularis originates 
on the medial surface of the zygomatic arch 
in Aplodontia and sciuromorphous rodents. 
In the latter, the anterior portion of the zyg¬ 
omaticomandibularis may spread onto the or¬ 
bital surface of the maxilla, lateral to the pos¬ 
terior opening of the infraorbital canal, as 
well as on the dorsal surface of the zygo¬ 
matic process of the squamosal. In hystrico- 
morph rodents the anterior portion of the 
zygomaticomandibularis is large and spreads 
anteriorly through the enlarged infraorbital 
foramen on to the snout. In Rhombomylus , 
the zygomaticomandibularis probably origi¬ 
nates on the medial surface of the jugal and 
on the dorsomedial side of the zygomatic 
process of the squamosal (figs. 78, 79). There 
may be a muscle bundle, via a tendon, in¬ 
serting on the lateral side of the zygomatic 
arch with the tendon passing through the 
trough between the ventral postorbital pro¬ 
cess and the arch. It seems unlikely that any 
portion of the muscle attaches to the lateral 
orbital surface. The large zygomatic plate 
provides a surface for origination of a poten¬ 
tially large anterior portion of the zygoma¬ 
ticomandibularis. However, if the zygomati¬ 
comandibularis did attach to the entire me¬ 
dial surface of the zygomatic plate, the ven¬ 
tral portion may have functioned primarily 
for anterior pull rather than for occlusion. 
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This is because the ventral zygomatic plate 
is so low that it is at the same level of the 
insertion of the zygomaticomandibularis on 
the mandible. In living rodents, the insertion 
of the zygomaticomandibularis is on the dor¬ 
sal masseteric fossa and the ventral areas of 
the coronoid and condyloid processes. Be¬ 
cause the masseteric fossa is relatively pos¬ 
terior to the zygomatic arch in Rhombomylus, 
the zygomaticomandibularis probably pro¬ 
vides an anterior component of pull for the 
mandible. In sciuromorphous rodents the or¬ 
igin and insertion of the zygomaticomandi¬ 
bularis is more dorsoventral, with little con¬ 
tribution to anterior pull of the mandible. In 
hystricomorphous and myomorphous ro¬ 
dents, the anterior portion of the zygomati¬ 
comandibularis originates much more ante¬ 
riorly, providing a major force for the ante¬ 
rior pull of the mandible. 

Temporalis: Smith and Savage (1956) rec¬ 
ognized the basic differences in the mechan¬ 
ics of the masticatory system in herbivores 
and carnivores, due to their different diets. In 
addition to other features, such as the trans¬ 
versely oriented glenoid fossa, carnivores 
have a massive temporalis that provides 
force for the jaws to close fast, and carnas- 
sials that shear precisely, with little trans¬ 
verse movement. The mandibular condyle is 
low and the coronoid process is high, gen¬ 
erating a large moment arm for the tempo¬ 
ralis. Herbivores, in contrast, have large mas- 
seter and pterygoid muscles but a small tem¬ 
poralis, favoring primarily transverse masti¬ 
cation (Schumacher, 1961; Turnbull, 1970). 
Their mandibular condyle is high and the 
moment arm for the masseter is increased. 
The lagomorph masticatory apparatus is ba¬ 
sically herbivorous, and rodents remain as a 
distinctive group (Turnbull, 1970). In addi¬ 
tion to a large masseter, the temporalis is siz¬ 
able in many rodents. The retracting tempo¬ 
ralis counteracts the protracting masseter and 
makes possible the anteroposterior jaw 
movements (Weijs and Dantuma, 1975; 
Weijs, 1980). In the case of Cavia in which 
the temporalis is relatively small, the tem¬ 
poralis plays a “braking” or compensatory 
role during closing and power stroke (Byrd, 
1981). During incisal biting, the posterior 
portion of the temporalis may have a role in 


stabilizing the mandibular condyle in the 
glenoid fossa (Satoh, 1998). 

A well-developed temporalis appears to be 
present in Rhombomylus , judging from the 
large temporal area of the skull and a con¬ 
siderable coronoid process of the mandible 
for the origin and insertion of the temporalis. 
The temporalis probably spread from the 
posterior side of the supraorbital process to 
the lambdoidal crest, to the dorsal side of the 
zygomatic process of the squamosal, and to 
the posterior orbital wall (figs. 78, 79). It ex¬ 
tends medially to the sagittal crest. The tem¬ 
poralis inserts on the dorsal and anterior edg¬ 
es as well as on the lateral and medial sur¬ 
faces of the coronoid process (figs. 78, 79). 
The coronoid process of Rhombomylus is rel¬ 
atively large and has a vertical anterior edge; 
it is most similar to that of Aplodontia among 
living rodents. In other rodents the process is 
greatly reduced and the anterior edge is in¬ 
clined posteriorly, partly owing to the ante¬ 
rior shifting of the masseteric fossa. The cor¬ 
onoid process of Rhombomylus is more pos¬ 
teriorly positioned than those of rodents. In 
this configuration, the anterior portion of the 
temporalis must provide primarily vertical 
force for the power stroke of chewing. 

Pterygoid: It is generally accepted that 
the pterygoid muscles of mammals, particu¬ 
larly herbivores, have a major role in the pro¬ 
duction of the lateral mandible movement 
(Smith and Savage, 1956; Schumacher, 1961; 
Turnbull, 1970; Greaves, 1978). The medial 
(internal) pterygoid originates from the low 
portion of the pterygoid fossa, probably an¬ 
terior to the oval foramen and its ventral sur¬ 
face, as well as the anterior projection of the 
auditory bulla. It inserts on the broad ptery¬ 
goid fossa and angular process on the medial 
surface of the mandible. The lateral (exter¬ 
nal) pterygoid originates on the concave area 
of the lateral pterygoid crest and inserts on 
the medial surface of the condylar neck of 
the mandible. Because of the orientation of 
the fibers, the medial pterygoid has a small 
contribution to the anterior pull of the man¬ 
dible and is therefore less important in the 
incisor bite (Hiiemae, 1971; Hiiemae and 
Houston, 1971; Thorington and Barrow, 
1996). The main function of this muscle is 
to control or balance the lateral component 
of the deep masseter in the chewing stroke 
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Fig. 79. A, Reconstructed major jaw muscles of Rhombomylus. B, Estimated working lines of mas¬ 
ticatory muscles. 


(Hiiemae, 1971). A role of the medial pter¬ 
ygoid in balancing the deep masseter is also 
present around an axis of rotation connecting 
the biting tips of incisors and the jaw joint 
(Satoh, 1998). The small lateral pterygoid 
has a different function, probably serving to 


protract the mandible in preparation for the 
incisor bite (Thorington and Darrow, 1996) 
or having an action in controlling and regu¬ 
lating the positions of the condylar neck dur¬ 
ing gross movements of the jaw (Hiiemae 
and Houston, 1971). 
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Because of the relatively deep pterygoid 
fossa in Rhombomylus, it is probable that its 
pterygoid muscle was bulky (fig. 78C). Giv¬ 
en its orientation inferred from the fossa, the 
internal pterygoid in Rhombomylus probably 
functioned to balance the power applied by 
the masseter as in extant rodents. Because the 
angular process curves medially around a 
vertical sagittal plane of the skull, the medial 
pterygoid possibly provides an anterior com¬ 
ponent of force for mandible movement. 

Mandible 

It has been realized that large herbivores 
have a large angular process and a high man¬ 
dibular condyle, but a reduced coronoid pro¬ 
cess, whereas carnivores have just the op¬ 
posite (Wolff-Exalto, 1951; Becht, 1953; 
Smith and Savage, 1956; Moss, 1968; Turn- 
bull, 1970; Scapino, 1972; Radinsky, 1985). 
Lagomorphs were considered to be structur¬ 
ally intermediate between rodents and un¬ 
gulates (Weijs and Dantuma, 1981; Lopez 
Martinez, 1985). These features bear impor¬ 
tantly on the masticatory function because 
they directly reflect the moment arms of the 
acting muscles that provide power for mas¬ 
tication and gnawing. Although the anterior 
placement of jaw muscles in early gliroid 
mammals can be recognized from the posi¬ 
tion of the anterior root of the zygomatic 
arch and the anterior edge of the masseteric 
fossa in early gliroid mammals, the relation¬ 
ship of these structures to the jaw muscles 
has not been considered in detail because of 
the fragmentary nature of fossil specimens. 
With the reconstruction of the Rhombomylus 
masticatory musculature above, it is clear 
that jaw muscles of early gliroid mammals 
differ from those of extant rodents in their 
size and orientation. In comparison with oth¬ 
er gliroid and nongliroid mammals, we here 
provide a quantitative analysis on the mo¬ 
ment arms of jaw muscles for Rhombomylus. 

The specimens (both fossil and living spe¬ 
cies) and measurements for the analysis are 
listed in appendices 4 and 5. Mandibular 
landmarks and related measurements are pro¬ 
vided in figure 5. Most of these landmarks 
follow Thorington and Darrow (1996) and 
Velhagen and Roth (1997). Because of the 
phylogenetic level of this study, in which in¬ 


traspecific variation is insignificant, measure¬ 
ment of a single, carefully selected specimen 
for each taxon suffices for the analysis (Ra¬ 
dinsky 1985; Marcus, 1990; Velhagen and 
Roth, 1997). In addition, complete mandibles 
in fossils are rare, leaving us with only the 
single specimen approach. 

In viewing the plotted results it should be 
borne in mind that although the resultant 
power for biting and chewing is directly re¬ 
lated to the moment arms of muscles, it is 
also affected by the direction (or the angle 
with the moment arm) of muscle fibers, type 
and size of muscles, gape angle, and struc¬ 
tures of the skull (Turnbull, 1970; Hiiemae, 
1971a, 1971b; Hiiemae and Houston, 1971; 
Woods and Howland, 1979; Weijs, 1975, 
1980; Weijs and Dantuma, 1975, 1981; Weijs 
et al., 1987; Wilkins and Cunningham, 1993; 
Ball and Roth, 1995; Thorington and Dar¬ 
row, 1996; Satoh, 1997, 1998, 1999). In ad¬ 
dition, the measurement is not the actual ef¬ 
fort arm for the muscle, which is the perpen¬ 
dicular distance between the jaw joint and 
the line of action of each muscle. The esti¬ 
mated working lines of masticatory muscles 
are illustrated in figure 79B. 

Results: Figure 80A plots the ratios of the 
moment arm of the anteriormost fibers for 
the deep masseter (mma) to the resistance 
arms of the molar (ram) and incisor (rai). The 
moment arm of the anteriormost fibers of the 
deep masseter is measured between the man¬ 
dibular condyle and the anterior edge of the 
masseteric fossa. The resistance arms of the 
molar and the incisor are between the con¬ 
dyle and, respectively, the anterior edge of 
the ml and the tip of the incisor. The plot 
shows that the moment arm of the anterior 
deep masseter in gliroid mammals is gener¬ 
ally greater than are those in other groups of 
mammals. Although the mma/ram and mma/ 
rai ratios differentiate Glires from other 
mammals, they cannot distinguish ungulates, 
carnivores, and other mammals. 

Figure 80B illustrates the ratios of the mo¬ 
ment arm of the ventralmost fibers for the 
superficial masseter (mmv) to the resistance 
arms of the molar (ram) and incisor (rai). The 
moment arm of the ventralmost fibers of the 
superficial masseter is between the mandib¬ 
ular condyle and the lowest point of the an¬ 
gular process. The ratios of the moment arm 
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Fig. 80. A, Plotted ratios of the moment arm for the anterior deep masseter (mma) to resistance 
arms of the molar (rant) and incisor (rai). B, Ploted ratios of the moment arm for the ventralmost fiber 
of the superficial masseter (mmv) to the resistance arms of the molar and incisor. See text for discussion. 
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of the superficial masseter to resistance arms 
of the molar and incisor have a different pat¬ 
tern compared to those of the anterior deep 
masseter. Rodents, Rhombomylus, and un¬ 
gulates are similar in the mmv/ram ratio. 
Lagomorphs are outstanding in having the 
greatest mmv/ram and mmv/rai ratios, which 
result from deepening of the angular process 
and elevation of the mandibular condyle. Cy- 
nocephalus and Plesiadapis (empty dia¬ 
monds clustered with the solid squares and 
dots in fig. 80B) are comparable to those of 
Rhombomylus, rodents, and ungulates in the 
mmv/ram and mmv/rai ratios. Carnivores 
and insectivores are characterized by small 
mmv/ram and mmv/rai ratios, corresponding 
to a small angular process in those forms. A 
small angular process, like those of carni¬ 
vores and insectivores, is probably a primi¬ 
tive condition in eutherian mammals. 

Figure 81A plots ratios of the moment arm 
of the dorsalmost fibers for the temporalis to 
the resistance arms of the molar and incisor. 
These ratios in carnivores are generally great, 
while those of ungulates are small. They 
vary among other mammals. Gliroid mam¬ 
mals and other primitive forms overlap with 
both ungulates and carnivores in these plots. 

Figure 8 IB illustrates the ratios of the total 
length of the molars to the resistance arms of 
the molar and the length of the mandible. It 
shows that the relative molar length, which 
is one of the parameters for chewing area of 
teeth, is not significantly different among 
mammals. The low value in feliform carni¬ 
vores results from the reduction of teeth (i.e., 
only the ml among molars is retained). For 
the caniform the relative length of the molars 
remains in the range of other mammals. This 
is because although the m2 and m3 are re¬ 
duced in size, the ml is enlarged. 

Discussion: The extraordinary ecological 
and evolutionary success of the rodents has 
been attributed in part to their adaptations for 
biting and chewing (Thorington and Darrow, 
1996). Development of separate biting and 
chewing phases entails an emphasis on the 
masseter muscle, in contrast to the emphasis 
on the temporalis of many other mammals 
(Turnbull, 1970). The size and orientation of 
the rodent masseters represent a masticatory 
pattern in which a protrusive component of 
the lower jaw is substantial. Our plots show 


that the deepening of the angular process for 
attachment of the superficial masseter and 
the anterior shifting of the anterior deep mas¬ 
seter are the most important features in the 
evolution of jaw musculature that character¬ 
ize the gliroid mammals. For rodents, the 
long moment arm of the anterior deep mas¬ 
seter is achieved by anterior extension of the 
anterior deep masseter, which can be inferred 
from the position of the anterior edge of the 
masseteric fossa in fossils. In many rodents 
the moment arm of the anterior deep mas¬ 
seter is significantly longer than the resis¬ 
tance arm of the molar so that the mma/ram 
ratio is greater than 1. The increase of the 
moment arm of the anterior deep masseter 
provides a great mechanical advantage for 
rodents in both cheek teeth chewing and in¬ 
cisor biting. 

Schumacher (1961) concluded that the 
protracting component of rodent jaw muscle 
is about 50% of the total masticatory force, 
whereas in herbivores, which share a strong¬ 
ly developed masseter and pterygoids, it 
amounts to only about 25%. Many observa¬ 
tions (Stark and Wehrli, 1935; Becht, 1953; 
Turnbull, 1970; Hiiemae, 1971a; Satoh, 
1999) indicated that the masseter is the larg¬ 
est of the masticatory muscles in rodents, al¬ 
though the most developed subdivision of the 
muscle varies among different groups. In the 
evolutionary history of rodents the areas of 
origin of some parts of the masseter have ex¬ 
tended anteriorly (Wood, 1965). Because the 
masseter exerts the largest force among all 
the masticatory muscles, the force to gnaw 
hard food material can be increased most ef¬ 
ficiently by increasing the value of the effort 
arm for the masseter. Given a fixed area of 
insertion the moment arm for the masseter 
becomes larger when the area of its origin 
extends more anteriorly (Satoh, 1999). In ad¬ 
dition to anterior shift, the origin of the mas¬ 
seter muscle is also dorsally extended. It is 
equally important that the insertion of the an¬ 
terior deep masseter migrates anteriorly dur¬ 
ing evolution of rodents, which increases the 
effort moment arm of the masseter as well. 
Dorsal extension of the origin and anterior 
shift of insertion for the deep masseter avoid 
horizontal orientation of the muscle resulting 
from anterior extension of the origin area, 
therefore compensating for the loss of verti- 
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Fig. 81. A, Plotted ratios of the moment arm for the dorsal fibers of the temporalis (mtd) to resistance 
arms of the molar (ram) and incisor (rai). B, Ploted ratios of the total molar length (dl) to resistance 
arms of the molar (ram) and incisor (rai). See text for discussion. 
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cal bite force caused by horizontal orienta¬ 
tion of the masster (Weijs and Dantuma, 
1981). 

The mma/rai ratio of Tsaganomys is the 
lowest among the plotted samples of rodents 
and is even lower than those of Rhombomy¬ 
lus and some other mammals (fig. 80A). This 
is owing to a relatively posteriorly located 
masseteric fossa and, more importantly, to 
unusually long incisors that are probably 
used for digging. Given the phylogenetic po¬ 
sition, in conjunction with other cranial and 
dental specializations of Tsaganomys (Bry¬ 
ant and McKenna, 1995), the short moment 
arm of the anterior deep masseter for incisor 
biting in Tsaganomys is probably secondarily 
developed for fossorial life. The long, pro¬ 
cumbent incisors and thick enamel of Tsa- 
ganomys recall those in molerats, which use 
their incisors for digging (Merwe and Botha, 
1998). Interestingly, lengthening of the inci¬ 
sor is at the expense of the moment arm of 
the anterior deep masseter. The loss of ad¬ 
vantage of the moment arm may be compen¬ 
sated by a stronger masseter muscle, similar 
to that of Bathyergidae, which has developed 
perhaps the most massive masseter muscles 
among rodents, although anterior shifting of 
the masseter in the family is not significant 
(Tullberg, 1899; Wood, 1965). 

The moment arm of the anterior deep 
masster in lagomorphs is comparable to 
those of many rodents. However, differing 
from rodents, the relatively long moment arm 
for the anterior deep masseter in lagomorphs 
results from the dorsal elevation of the man¬ 
dibular condyle, not from anterior shifting of 
the masseteric fossa. Compared with rodents, 
the position of the anterior edge of the mas¬ 
seteric fossa is relatively posterior in lago¬ 
morphs. This indicates that anterior move¬ 
ment of the lower jaw in lagomorphs is not 
so significant as in rodents, which is concor¬ 
dant with a short glenoid fossa and a short 
distance between the lower and upper inci¬ 
sors in lagomorphs. These observations sug¬ 
gest that incisive biting in lagomorphs is less 
efficient than in rodents. The most distin¬ 
guishable feature of lagomorphs is their long 
moment arms for the superficial and poste¬ 
rior deep masseters, as shown in figure 8IB, 
which result from elevation of the mandib¬ 
ular condyle and deepening of the angular 


process. In this regard, the lagomorph jaw 
apparatus was considered to be intermediate 
between those of ungulates and rodents 
(Weijs and Dantuma, 1981). 

The moment arm of the anterior deep mas¬ 
seter in Rhombomylus is intermediate be¬ 
tween other gliroids and other mammals, in¬ 
dicating that a posteriorly positioned anterior 
deep masseter is a primitive condition for gli- 
roid mammals. Because of the relatively pos¬ 
terior placement of the deep masster, the in¬ 
cisor bite of Rhombomylus was probably less 
powerful than in more advanced gliroid 
mammals, in keeping with the relatively 
slender incisors of Rhombomylus. In contrast, 
the ratios of the moment arm of the ventral- 
most fibers of the superficial masseter to the 
resistance arms of the molar and incisor are 
like those of rodents, suggesting that the su¬ 
perficial masseter is a relatively conservative 
muscle that changed little during the gliroid 
evolution. 

As discussed in describing the mandible, 
although the masseteric fossa in Rhombo¬ 
mylus is less anterior, the angular process is 
longer than in most rodents. The posterior 
elongation of the angular process extends the 
insertion of the superficial masseter more 
posteriorly than in rodents, which gives the 
superficial masseter sufficient length to do 
the work in moving the lower jaw anteriorly. 
Even though the origin of the masseters is 
not so anteriorly placed in Rhombomylus , the 
gnawing function has already achieved. This 
mechanism, however, is less efficient than 
that of rodents, because more posteriorly and 
horizontally positioned masseter muscles 
have relatively shorter moment arms. 

The plot shows that the moment arm of 
the dorsalmost fibers of the temporalis in car¬ 
nivores is generally greater, while that of un¬ 
gulates is smaller, than in other mammals 
(fig. 81). The differences among groups are 
not so remarkable as those of the masseters. 
Gliroid mammals and the primitive forms 
(mainly insectivores) overlap with both un¬ 
gulates and carnivores in this plot. However, 
a parameter that is not shown by our plot is 
the size and shape of the coronoid process, 
which are functionally related to the activity 
and presence of the temporalis muscle (Moss 
and Meehan, 1970). For carnivores, the cor¬ 
onoid process is much larger than those of 
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gliroid mammals and ungulates (Turnbull, 
1970). Even though some Glires may have a 
relatively long moment arm for the dorsal 
temporalis, the actually power produced by 
the temporalis may not be comparable to that 
of carnivores, because of the small size of 
the muscle in gliroid mammals. Radinsky 
(1985) considered that the carnivore condi¬ 
tion, with a small angular process and large 
temporal fossa and coronoid process, repre¬ 
sents the primitive condition of the mam¬ 
malian skull and jaw proportions. In most 
ungulates, the temporal fossa is reduced, in¬ 
dicating reduction of the temporalis, and the 
angular process is expanded, corresponding 
to expansion of the masseter and pterygoid 
musculature. The reduced coronoid process 
in gliroid mammals is apparently a derived 
condition. In this regard, the lagomorph con¬ 
dition is extreme in that the coronoid process 
is almost lost and the temporalis is a small 
bundle of muscle. 

The amount of food that can be broken 
down in one chewing stoke depends on the 
occlusal area and thus the length of the row 
of cheek teeth (Weijs and Dantuma, 1981). 
Interestingly, the total length of the molars 
in lagomorphs is short (fig. 8IB). However, 
lagomorphs differ from rodents in having 
two molariform premolars, with the p3 being 
enlarged. This gives lagomorphs an occlusal 
area of cheek teeth that matches those of ro¬ 
dents. However, in comparison with ungu¬ 
lates the entire cheek tooth row is short in 
rodents and lagomorphs (Weijs and Dantu¬ 
ma, 1981). In large ungulates the premolars 
are usually molarized so that the chewing 
surfaces are increased. The quantitative re¬ 
lationship of the area between the chewing 
surface and the body weight of a herbivorous 
mammal is unknown to us. It is apparent, 
however, that the chewing surface at any giv¬ 
en time is two-dimensional, whereas the 
body size is three-dimensional. Although ro¬ 
dents have fewer cheek teeth compared to 
ungulates, the proportional chewing area in 
relation to the body mass may not be smaller 
than those of large sized ungulates. In addi¬ 
tion, the repeated fracture of food particles 
by mastication is a mechanical process, and 
the rate at which it takes place depends on 
the chewing rate of any given mammal (Lu¬ 
cas and Peters, 2000). 


Dentition 

Incisors: For functional activities of the 
rodent incisors, three postures of the lower 
incisors have been recognized (Krumbach, 
1904; Druzinsky, 1995): (1) rest position, in 
which the lower incisors are roughly parallel 
to one another; (2) catching or spearing po¬ 
sition, in which the tips of the lower incisors 
are spread apart; and (3) gnawing and wedg¬ 
ing position, in which the tips of the lower 
incisors are brought together. These postures 
are possible because the mandibular symphy¬ 
sis is movable. In Rhombomylus , the sym¬ 
physis is not fused and is probably movable, 
suggesting that the lower incisors could dis¬ 
play more than one posture. 

Many studies also show that there are 
three basic types of incisal function in gliroid 
mammals: (1) cropping, in which the tips of 
the upper and lower incisors are occluded; 
(2) gnawing, in which the tips of the lower 
incisors move dorsally, passing posterior to 
the tips of the upper incisors; and (3) tooth- 
sharpening, in which the lower incisors are 
protruded anterior to the tip of the upper ones 
and their lingual sides are ground against the 
upper, producing thin enamel edges (Krum¬ 
bach, 1904; Vinogradov, 1926; Taylor and 
Butcher, 1951; Ardran et al., 1958; Ardran 
and Kemp, 1960; Landry, 1957, 1970; Becht, 
1953; Hiiemae and Houston, 1971; Hiiemae 
and Ardran, 1968; Every, 1975; Weijs and 
Dantuma, 1975; Gorniak, 1977; Byrd, 1981; 
Offermans and de Vree, 1990; Druzinsky, 
1995). Cropping (tip-to-tip occlusion) of the 
incisors has been found in lagomorphs (Ar¬ 
dran et al., 1958), but has never been re¬ 
ported in any investigation of rodents (Dru¬ 
zinsky, 1995). 

Among the three functions, the tooth 
sharpening ability is important functionally 
and phylogenetically (Druzinsky, 1995). 
Length regulation of the ever-growing inci¬ 
sors is not by wear but by purposeful sharp¬ 
ening (Taylor and Butcher, 1951). Landry 
(1999) considered that the incisor chisel is 
deliberately shaped by the animal. Although 
many mammals, such as multituberculates, 
plesiadapids, and tillodonts, possess enlarged 
incisors, none of them has developed the el¬ 
liptical incisor chisels of Glires (with the ex¬ 
ception of Daubentonid). Therefore, Landry 
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(1999) regarded this feature as a useful syn- 
apomorphy for the Glires. Sharpening is crit¬ 
ical for biting executed by an ever-growing 
incisor. It hones the edges of the incisors, 
improves the cutting performance of the 
teeth, and reduces the chance of breaking the 
tips of the incisors by avoiding tip-to-tip oc¬ 
clusion of the upper and lower incisors (Dru- 
zinsky, 1995). During the upper incisor 
sharpening, the mandible is brought anteri¬ 
orly and the labial edge of the lower incisor 
contacts the posterior tip of the upper incisor 
and is dragged across the lingual surface to 
create the wear facet. The lower incisor chis¬ 
el is probably the most characteristic aspect 
of gliroid incisor shaping. During the sharp¬ 
ening of the lower incisors, the mandible is 
protruded farther forward and the lingual 
surface of the lower incisor is dragged across 
the tip and labial surface of the upper incisor 
in an arc that corresponds to the concave 
wear facet of the lower incisor (Druzinsky, 
1995). Although the enlarged lower incisor 
of zalambdalestids has been cited as evidence 
for a zalambdalestid-Glires relationship (Ar¬ 
chibald et al., 2001), a lower incisor chisel is 
not present in zalambdalestids. This may be 
attributed to several factors: a procumbent 
incisor that curves very little dorsally, a 
small upper incisor that cannot shape the 
lower one, or the incapability of anterior 
movement of the lower jaw in zalambdales¬ 
tids. In contrast, early gliroid mammals, such 
as Rhombomylus, are capable of self-sharp¬ 
ening of the incisors. 

As Vinogradov (1926; see also Druzinsky, 
1995) recognized, the ventral end of the wear 
facet on the lingual surface of the lower in¬ 
cisor represents the limit of anterior move¬ 
ment of the mandible, and the dorsal end of 
the lingual facet of the upper incisor repre¬ 
sents the superior limit of movement of the 
mandible. The distance between the tip of the 
upper incisor and the ventral edge of the 
wear facet on the lingual surface of the lower 
incisor while the mandible is in its rest po¬ 
sition is the minimum working distance of 
the mandible (fig. 79B). This distance indi¬ 
cates how far the mandible can protrude an¬ 
teriorly from its rest position to the incisor- 
sharpening position. It is possible that the 
mandible can protrude even farther anterior¬ 
ly. Comparing various species of gliroid 


mammals, we found that rodents generally 
have a longer minimum working distance of 
the mandible than do lagomorphs. This can 
be told from three features. First, in rest po¬ 
sition the upper and lower incisors are more 
distantly separated from each other in ro¬ 
dents. Second, the wear facet on the lower 
incisor in rodents is much longer than that in 
lagomorphs, which means the mandible must 
protrude farther anteriorly to create such a 
long wear facet. Finally, the glenoid fossa is 
long in rodents, in contrast to a very short 
fossa in lagomorphs. Rhombomylus is similar 
to rodents in all of these features. The min¬ 
imum working distance of the mandible has 
a certain relationship with the length of the 
glenoid fossa. In IVPP V5278, the minimum 
working distance is 9.3 mm and the maxi¬ 
mum length of the glenoid fossa is 10.4 mm. 
When the ventral edge of the wear facet on 
the lower incisor meets the tip of the upper 
incisor, the mandibular condyle is completely 
moved out of the glenoid fossa. This sug¬ 
gests two possibilities. First, during incisor 
sharpening the position of the mandible is 
maintained by jaw muscles and the mandib¬ 
ular condyle does not function as a fulcrum. 
Second, the glenoid fossa may have an an¬ 
terior extension of fibrocartilage that sup¬ 
ports the mandibular condyle, as in some liv¬ 
ing murids (Weijs, 1975). In this latter case 
the condyle functions as the fulcrum against 
the extended glenoid fossa while the incisors 
work. Although Rhombomylus is similar to 
rodents in several masticatory features, it dif¬ 
fers in that the jaw muscles were not shifted 
anteriorly. Thus, it may be postulated that 
gnawing and self-sharpening of the incisors 
evolved earlier than anterior shift of the mas¬ 
ticatory muscles in gliroid mammals. 

The robustness of the incisors appears to 
have a certain correlation to that of the an¬ 
terior masseter in sciuromorphous rodents at 
least. Squirrels with the most massive ante¬ 
rior deep massters generally have the most 
robust incisors and presumably have the 
strongest incisor bites (Thorington and Dar- 
row, 1996). The incisors of Rhombomylus 
are relatively slender, possibly corresponding 
to the relatively smaller masseter and to a 
diet on soft food. 

Cheek Teeth: In spite of their diversity, 
mammalian teeth basically function by trans- 
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mining forces from the jaw muscles to food 
items. Several forms of tooth activities can 
be recognized (Rensberger, 1973). Simple 
cutting is the process in which a relatively 
sharp edge is pressed against another surface. 
Crushing occurs when blunt surfaces are 
brought together. Shearing is a motion of two 
relatively flat surfaces across one another in 
a plane oblique or perpendicular to the oc¬ 
clusal plane. Grinding is the motion of flat 
or irregular surfaces across one another in a 
plane more or less parallel to the occlusal 
plane. These processes do not differ in a 
clear-cut way; instead, they are variations of 
a fundamental relationship (Rensberger, 
1973). In gliroid mammals the anterior place¬ 
ment of masseter muscles emphasizes antero¬ 
posterior movement of the lower jaws. 
Therefore, it has often been thought that an- 
teroposteriorly, or propalinally, chewing is 
typical of rodents (Gidley, 1912; Wood, 
1973; Li et al., 1987). Propalinal chewing is 
not common in mammals generally (Gans et 
al., 1978; Hiiemae, 1978; Weijs, 1980), nor 
does it appear to be common among the Gli- 
res (Offermans and de Vree, 1990). Even 
though all gliroid mammals are able to pro¬ 
trude their mandibles forward for incisor bit¬ 
ing, they do not necessarily chew propalin¬ 
ally. Studies of mastication demonstrate that 
a variety of patterns of masticatory move¬ 
ments are present in rodents. In addition to 
propalinal chewing, the movements of rodent 
mandibles can be transverse, asymmetrically 
forward, symmetrically forward, or in two- 
phased occlusion (buccal and lingual) (Ar- 
dran et al., 1958; Ardran and Kemp, 1960; 
Hiiemae and Ardran, 1968; Weijs and Dan- 
tuma, 1975, 1981; Gorniak, 1977; Butler, 
1980, 1985; Byrd, 1981; Bekele, 1983; Of¬ 
fermans and De Vree, 1990; Druzinsky, 
1995; Satoh, 1997). Even for rodents that are 
capable of bilateral propalinal chewing, such 
as murines, a transverse component in grind¬ 
ing is also produced by mandibles pulled to¬ 
ward the midsagittal plane around the center 
of rotation at the fibrocartilage area in the 
mandibular symphysis while the mandible is 
moving forward (Hiiemae and Ardran, 1968; 
Weijs, 1975; Weijs and Dantuma, 1975; Sa- 
toth, 1999). Primitive rodents have two- 
phase masticatory movements inferred from 
wear facets, in which the lower jaw move¬ 


ment consists of a transverse (buccal phase) 
and an obliquely forward (lingual phase) 
component (Butler, 1985). This primitive 
condition was thought to be retained in aplo- 
dontoids (Rensberger, 1982) and sciurids 
(Butler, 1980, 1985), but based on striae, a 
primary transverse mode of chewing is said 
to be present in living Aplodontia (Koenig- 
swald et al., 1994). 

The movement of the lower jaw is deter¬ 
mined primarily by dental features, not by 
the muscles that provide the force for the 
movement or by cranial morphologies in oth¬ 
er mammals (Kallen and Gans, 1972; Gans 
et al., 1978) and in rodents (Offermans and 
De Vree, 1990; Wilkins, 1988; Wilkins and 
Cunningham, 1993). Offermans and de Vree 
(1990, 1993) suggested that rodent mastica¬ 
tory patterns can be predicted with reason¬ 
able reliability from the dental structures, 
such as the occlusal relations between the op¬ 
posing molar cusps and ridges, the inclina¬ 
tion of the occlusal surfaces, the transverse 
width between upper and lower tooth rows, 
and the orientation of the tooth rows relative 
to the sagittal plane of the skull. In particular, 
propalinal mastication is possible only when 
the teeth meet the following conditions. First, 
the molars of both sides can occlude simul¬ 
taneously, that is, they are isognathic. In 
most mammals, including primitive forms 
such as didelphid marsupials (Crompton and 
Hiiemae, 1970; Hiiemae and Crompton, 
1971), the dentitions are anisognathic, mean¬ 
ing unequal width of jaws, or more specifi¬ 
cally the upper dental arch is wider than the 
lower one (Moore, 1981). The anisognathic 
condition is probably also more common in 
rodents (Ryder, 1978; Becht, 1953; Offer- 
mans and de Vree, 1990; Druzinsky, 1995). 
Second, the teeth must stay in occlusion dur¬ 
ing forward movement, and tooth rows must 
be parallel to the sagittal plane. However, 
tooth rows that are nearly parallel are a prim¬ 
itive condition for gliroid mammals because 
it occurs in most other mammals and in early 
gliroids such as Heomys (Li, 1977), Cocomys 
(Li et al., 1989), Paramys (Wood, 1962), and 
Rhombomylus. In these forms, mastication is 
either transverse or has a considerable com¬ 
ponent of transverse movement (Butler, 
1980, 1985). This implies that parallel tooth 
rows are necessary, but not decisive, for bi- 
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lateral propalinal mastication in rodents and 
that those with parallel tooth rows may not 
possess propalinal mastication. Third, pro¬ 
palinal movements are possible only in those 
that have a flat occlusal surface of cheek 
teeth. High cusps and transverse, uneven 
ridges on the tooth crown prevent anteropos¬ 
terior protrusion but guide or force a lateral 
movement of the mandible during the grind¬ 
ing phase. In gliroid mammals with these 
crown structures, such as Rhombomylus, 
chewing is necessarily unilateral and is buc- 
colingually directed. This corresponds to the 
primitive condition seen in other basal mam¬ 
mals such as didelphid marsupials and early 
mammals (Hiiemae and Jenkins, 1969; 
Crompton and Hiiemae, 1970; Hiiemae and 
Crompton, 1971; Hiiemae, 1976; Crompton 
et al., 1977). Finally, the incisors should not 
restrict propalinal movement. When the man¬ 
dible is in rest position, the tip of the lower 
incisor may be only slightly posterior to the 
upper incisor. Overhang of the upper incisor 
restricts propalinal movement of the mandi¬ 
ble, as in Mesocricetus auratus (Gorniak, 
1977; Offermans and de Vree, 1990). How¬ 
ever, for most gliroid mammals in which 
there is no postglenoid process, it is unclear 
whether at the beginning of grinding the 
mandible can be retracted from the rest po¬ 
sition to increase the phase of grinding. For 
Rhombomylus, in which the external auditory 
meatus functions as a stop for the mandibular 
condyle, the possible distance for anteropos¬ 
terior movement of the mandible can be mea¬ 
sured. Although a gap is present between the 
upper and lower incisors in their rest posi¬ 
tions, propalinal movement is still unlikely 
in Rhombomylus because the high, transverse 
ridges on the cheek teeth prevent an antero¬ 
posterior power stroke. 

Thus, it is a more parsimonious argument 
that ectental, or nearly transverse, jaw move¬ 
ments are primitive for gliroid mammals, and 
that propalinal chewing has evolved, proba¬ 
bly more than once, within rodents (Offer- 
mans and de Vree, 1990; Druzinsky, 1995). 
This is supported by the anisognathic con¬ 
dition of tooth rows and by the unilateral 
mastication with a considerable transverse 
component in Rhombomylus. 

Other dental features that bear significant¬ 
ly on the function of mastication include in¬ 


clinations of the cheek teeth and, therefore, 
inclination of the occlusal surfaces. There are 
two types of tooth inclination in rodents. The 
first type is mediolateral inclination in which 
the crown surfaces of the upper cheek teeth 
tilt outward from the midline and the lower 
ones slant inward, facing dorsomedially. In 
many mammals, including Rhombomylus, 
this condition is weakly present. A strong in¬ 
clination is seen both in living species, such 
as Cavia (Byrd, 1981; Offermans and de 
Vree, 1990), and in fossils, such as Tsagan- 
omys (Bryant and McKenna, 1995). Accord¬ 
ing to Offermans and de Vree (1990), in ro¬ 
dents that chew unilaterally this inclination 
affects the degree of lateral excursion re¬ 
quired to bring the lower cheek teeth into 
alignment with the upper ones in preparation 
for the grinding phase. This condition ap¬ 
pears to be beneficial for mastication that has 
at least a lateromedial component of jaw 
movement. 

In the other type of inclination the lower 
cheek teeth slant anteriorly whereas the up¬ 
per ones slant posteriorly, as in Rhombomy¬ 
lus and lagomorphs (Weijs and Dantuma, 
1975; Lopez Martinez, 1985). Some rodents, 
such as Tsaganomys, have the components of 
the two types of inclinations. The second 
type of inclination can also be shown by the 
enamel bands of teeth in a longitudinal sec¬ 
tion (Lyngstadaas et al., 1998; Koenigswald 
et al., 1994). Although the inclinations of the 
lower and upper teeth are at opposite direc¬ 
tions, the angle of inclination is the same. 
The angle of inclination approaches the di¬ 
rection of the muscle resultant force so that 
the teeth, particularly the enamel ridges, will 
be subjected only to compressive forces 
(Weijs and Dantuma, 1975). Therefore, the 
direction of resultant force of the jaw mus¬ 
cles for mastication may be estimated by 
measuring the inclination of the cheek teeth 
and the enamel bands seen in longitudinal 
section. The inclination angle of the cheek 
teeth in Rhombomylus is age and size depen¬ 
dent. Older, and thus larger, individuals have 
a greater angle. In IVPP V5278, the oldest 
and largest individual in the collection, the 
angle (between the anterior surface of the up¬ 
per tooth and the frontal plane of the skull) 
is about 20—25°. This angle indicates that 
shearing between upper and lower teeth is in 
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an inclined, not a vertical, plane. The orien¬ 
tation of the plane is roughly parallel to the 
estimated working line of the jaw muscles 
(fig. 79B). 

Enamel Structures 

Incisor Enamel: The incisor enamel in 
gliroids is limited primarily to the labial sur¬ 
face of the tooth and wraps to various de¬ 
grees on the medial and lateral surfaces of 
the incisor, presumably functioning to brace 
the enamel better against the stresses of 
gnawing (Wood, 1965). Owing to its high 
mineral content (93% by volume), compared 
with that of dentine (69%), enamel is the 
dental material most resistant to wear (Wa¬ 
ters, 1980). Although enamel is more brittle 
than dentine, its property to resist fracture is 
improved by decussation of hydroxyapatite 
crystal prisms (Rensberger, 1995, 2000). The 
prism decussation is first seen in early Paleo- 
cene condylarths (Koenigswald et al., 1987) 
and evolved in many mammals. It was 
thought that in rodents the prism decussation, 
or Hunter-Schreger bands (HSB), strengthens 
the incisors and prevents crack-propagation 
of the enamel layer (Lehner and Plenck, 
1936; Koenigswald, 1980, 1985; Pfretz- 
schner, 1988; Koenigswald and Pfretzschner, 
1991). The radial enamel of the outer layer 
helps to shape a perpetual sharp cutting edge 
because of its slightly higher wear resistance 
than the inner layer of the enamel and dentin 
(Rensberger and Koenigswald, 1980; Forte- 
lius, 1985). However, in leporid lagomorphs, 
cutting edges of the incisors are formed even 
though they have only one inner layer (Ko¬ 
enigswald, 1995). Although Rhombomylus 
has the gross morphology of incisor typical 
of rodents, the external layer of the incisor 
enamel is poorly developed. Nonetheless, a 
sharp edge is formed at the tip in both upper 
and lower incisors. In Tribosphenomys 
(Meng et al., 1994; Meng and Wyss, 2001), 
Sinomylus and cf. Eomylus (Martin, 1999; 
McKenna and Meng, 2001), the incisor 
enamel has only one radial layer, but the 
tooth forms a chisel-shaped cutting edge. 

The single-layered radial enamel in Tri¬ 
bosphenomys, Sinomylus, and cf. Eomylus 
was considered primitive for Glires (Martin, 
1999). The transformation of the enamel 


types during evolution of gliroid mammals is 
represented primarily by formation of the in¬ 
ner layer consisting of HSB and by diversi¬ 
fication of the HSB into pauciserial, multis¬ 
erial, and uniserial types within rodents 
(Martin, 1994, 1999). Functional and phylo¬ 
genetic analyses on the incisor enamel mi¬ 
crostructures focused mainly on the number 
of layers, thickness, and complexity of the 
decussation of hydroxyapatite crystal prisms 
(HSB) of the enamel. Another feature that 
we think is important for incisor function is 
the density of prisms (or abundance of 
prisms, Clemens, 1997), that is, the number 
of prisms per unit enamel volume. The 
prisms are rodlike elements consisting of 
bundled hydroxyapatite crystallites with a di¬ 
ameter of 3—5 |xm and is the most important 
constructional element of enamel (Koenig¬ 
swald and Clemens, 1992; Martin, 1999). 
The density of the prisms is related to the 
amount of the interprismatic matrix, size of 
the prism sheath, and the diameter and shape 
of each prism. The radial enamel in Tribos¬ 
phenomys (Meng et al., 1994; Meng and 
Wyss, 1994, 2001), Sinomylus, and cf. Eomy¬ 
lus (Martin, 1999) has the lowest prism den¬ 
sity but relatively higher percentage of inter¬ 
prismatic matrix and larger space of prism 
sheath than those of other gliroid mammals. 
The prism sheath in life contains a higher 
content of unmineralized organic material 
(proteoglycans) (Clemens, 1997), and the in¬ 
terprismatic matrix consists of unbundled hy¬ 
droxyapatite crystallites. The enamel with a 
higher percentage of the prism sheath and in¬ 
terprismatic matrix may have a lower degree 
of mechanical strength. Multiserial and un¬ 
iserial enamel are considered to be derived 
independently from pauciserial enamel (Mar¬ 
tin, 1994, 1997, 1999), and have the highest 
density of prisms. Increase in prism density 
likely increases the hardness as well as 
toughness of the enamel, as an adaptation for 
processing tougher food. In this regard, the 
pauciserial incisor enamel of Rhombomylus 
appears stronger than the radial enamel of 
Tribosphenomys and Sinomylus, but it is 
weaker than the multiserial and uniserial 
enamel in more advanced rodents (Korven- 
kontio, 1934). Prisms are anisotropic in their 
resistance to abrasion (Rensberger, 2000). 
Because prisms are more evenly distributed 
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in the uniserial enamel, the latter probably 
resists wear and fracture better than does the 
multiserial enamel. The evolutionary trans¬ 
formation of the enamel types was thought 
to be related to environmental changes dur¬ 
ing the geological history (Mess et al., 2001), 
but this correlation needs to be corroborated 
from additional evidence. 

Cheek Tooth Enamel: The functional sig¬ 
nificance of tooth enamel has been widely 
studied for mammals in general (Rensberger, 
1995, 2000) and for rodents in particular 
(Koenigswald et al., 1994). The organization 
of the enamel microstructure is known to 
have an adaptive relationship to the stresses 
generated during mastication (Rensberger, 
2000). The prism decussation in enamel (or 
the formation of the Hunter-Schreger bands) 
of mammals is usually associated with large 
tooth size. Mammals with molars more than 
6 mm wide usually have HSB and smaller 
teeth often lack this structure. The main ex¬ 
ceptions to this association occur in rodents 
and whales (Koenigswald et al., 1987; Rens¬ 
berger, 2000). Lagomorphs are similar to ro¬ 
dents in having HSB in the cheek tooth 
enamel. Two aspects of enamel structures of 
cheek teeth in gliroid mammals may be con¬ 
sidered: the distribution of enamel on the 
teeth and the enamel microstructure. 

Distribution of enamel on cheek teeth can 
be observed directly from naturally worn 
teeth, or by grinding the teeth (Meng and 
Wyss, 1994; this study). Based on available 
data, two kinds of enamel distributions can 
be recognized: one represented by Rhombo- 
mylus and the other by Tribosphenomys 
(Meng and Wyss, 1994). The enamel distri¬ 
bution on the cheek teeth of Rhombomylus is 
similar to that of lagomorphs (Weijs and 
Dantuma, 1981; Lopez Martinez, 1985), in 
which the thickest enamel forms the anterior 
wall of the upper tooth and the posterior wall 
of the trigonid of the lower tooth. The enam¬ 
el is also reinforced at the lingual sides of 
the upper teeth and buccal sides of the lower 
teeth. The two walls from the matching up¬ 
per and lower teeth constitute the main shear¬ 
ing surfaces (comparable to wear facet 1 in 
lagomorphs; Lopez Martinez, 1985). In con¬ 
trast, the enamel on the occlusal surface of 
the tooth is very thin and disappears com¬ 
pletely with light wear after eruption of the 


tooth. It is probable that mastication in 
Rhombomylus has two components: shearing 
and crushing, as in lagomorphs, with the 
lower jaw moving primarily transversely dur¬ 
ing mastication (Weijs and Dantuma, 1981; 
Lopez Martinez, 1985). This is supported by 
the analysis of microwear of the cheek teeth 
of Rhombomylus (see below). The same 
enamel distribution and mastication are as¬ 
sumed for some other basal gliroid mam¬ 
mals, such as Eurymylus, that have cheek 
teeth with relatively high, transversely wid¬ 
ened crowns, well-developed enamel crests, 
and relatively high trigonids. 

Although the enamel along the anterior 
wall and the lingual side of the cheek tooth 
is the thickest in Tribosphenomys , it differs 
from Rhombomylus in having much thicker 
enamel on the occlusal surface of teeth 
(Meng and Wyss, 1994). After considerable 
wear, enamel loops are formed at cusps. In 
addition, the posterior wall of the trigonid is 
so weak that it does not furnish a shearing 
facet for the lower cheek teeth. The condition 
in Tribosphenomys is similar to that of early 
rodents, such as Cocomys and Paramys, and 
extant sciurids. This type of enamel distri¬ 
bution suggests an emphasis on crushing 
rather than shearing for mastication. 

Similar to the incisor, the molars of Tri¬ 
bosphenomys have the same radial enamel 
that lacks HSB (Meng and Wyss, 1994). In 
contrast, the cheek tooth enamel of Rhom¬ 
bomylus has HSB, which in some areas of 
the tooth resembles that of the incisor. This 
shows that development of HSB occurs si¬ 
multaneously in incisors and cheek teeth of 
gliroid mammals. As in the case of the in¬ 
cisor, the radial enamel in the molar of Tri¬ 
bosphenomys is mechanically less resistant to 
stress than enamel with HSB, such as that of 
Rhombomylus . However, the enamel micro¬ 
structure varies within the same tooth. The 
most complex structure is found in the enam¬ 
el crests that function as shearing facets, 
whereas the simplest and weakest is in the 
thin enamel on the occlusal surface of the 
tooth. 

Microwear 

Studies of microwear are primarily fo¬ 
cused on inference of diet and jaw move- 
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merits. The relationship between dental wear 
and chewing patterns provides a reliable pic¬ 
ture of the evolution and diversity of mam¬ 
malian mastication (Teaford, 1985; Maas, 
1989). Differences in occlusal mechanics 
that affect patterns of microwear are depen¬ 
dent on dietary specialization, and the two 
aspects of teeth are related in a complicated 
way (Rensberger, 1995, 2000). Most studies 
concerning diet interpretation from dental 
wear patterns are based on large mammals, 
particularly primates and ungulates (e.g., 
Walker et al., 1978; Lucas, 1979; Teaford, 
1985; Teaford and Walker, 1984; Kay, 1987; 
Solounias et al., 1988; Janis, 1990; Hunter 
and Fortelius, 1994). Relatively few analyses 
have been done for rodents. In contrast, stud¬ 
ies of microwear in rodents are usually re¬ 
lated to chewing mechanics (Butler, 1980, 
1985; Wilkins, 1988; Wilkins and Woods, 
1983; Wilkins and Cunningham, 1993; 
Woods and Howland, 1979; Koenigswald, 
1980; Koenigswald et al., 1994). In these 
studies the microwear facets and striations 
are regarded as the determining evidence for 
the direction of mandible movements. Again, 
dental wear pattern in early Glires is gener¬ 
ally little known. 

The striations on the primary shearing fac¬ 
et on the cheek teeth of Rhombomylus are 
formed by tooth contact during power 
strokes of the jaw movement. The orienta¬ 
tions of these striations suggest that lower 
tooth occlusion follows a path as shown by 
the arrows in figure 2IF. In the early stage 
of occlusion when the upper and lower teeth 
are engaged, the vertical component is the 
dominant lower jaw movement. Then the 
lower teeth shift more horizontally during the 
shear contact. When the trigonid (protoco- 
nid) of the lower tooth contacts the hypocone 
shelf of an upper tooth, the lateral shift of 
the lower jaw is completed; there is only 
compressive effect between the trigonid and 
the hypocone shelf, as reflected by absence 
of striations on the hypocone shelf. 

The chewing cycle of living rodents can 
be divided into as many as 16 phases (Weijs 
and Dantuma, 1975). The precise cycle of 
mastication may never be known in fossils, 
but, based on morphologies of the jaws and 
teeth and the striations on the wear facets, 
the following phases of jaw movements of 


Rhombomylus may be deduced. (1) Because 
of the anisognathic dentition, upper and low¬ 
er teeth on both sides cannot work simulta¬ 
neously. In the rest position, the labial half 
of a lower tooth must contact the lingual half 
of an upper tooth. (2) During occlusion the 
lower jaws first open and move labially to 
the working side to prepare for occlusion. (3) 
The early stage of occlusion has a dominant 
component of vertical movement, which 
brings the upper and lower teeth into contact. 
Shearing may have taken place in this stage. 
(4) Immediately after the teeth contact, the 
working lower jaw moves dorsomedially, 
with a predominant transverse component of 
movement. At this stage, shearing between 
the anterior surface of the trigon and the pos¬ 
terior surface of the trigonid is the main ac¬ 
tivity of the teeth and the most significant 
means of subdividing food. Again, the shear¬ 
ing movement is in an inclined plane, cor¬ 
responding to the inclination of the cheek 
teeth. (5) The enlarged hypocone shelf re¬ 
ceives the high trigonid, and the talonid basin 
receives the protocone. This stage is primar¬ 
ily compression in which food is crushed. (6) 
The lower jaws return to rest position. 

The chewing style of Rhombomylus is 
more similar to that of lagomorphs than ro¬ 
dents. In lagomorphs, chewing is fully trans¬ 
verse, and an important element is the trans¬ 
verse shear between the posterior wall of the 
trigonid and a facet along the anterior margin 
of the upper molar (Weijs and Dantuma, 
1981; Butler, 1985; Lopez Martinez, 1985). 
Moreover, the trigonid is worn against an ex¬ 
panded posterior cingulum on the upper mo¬ 
lar. Similar characters are found in both mim- 
otonids and eurymylids (Butler, 1985). How¬ 
ever, as we show above, the jaw and skull 
morphologies, and therefore the jaw muscu¬ 
lature, of Rhombomylus are different from 
those of lagomorphs. It implies that if the 
chewing patterns in Rhombomylus , other eu¬ 
rymylids, mimotonids, and lagomorphs, are 
similar, as suggested by tooth morphology 
and wear patterns, they may have evolved 
independently. Mastication in the simplici- 
dentate Rhombomylus has evolved in a di¬ 
rection different from that of rodents. 

Cheek teeth of primitive rodents, such as 
paramyids, are usually cuspidate (Wood, 
1962). Chewing in paramyids involved a 
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two-phase movement, resembling that of pri¬ 
mates (Butler, 1980, 1985). The lower molar 
passes lingually across the upper in a rela¬ 
tively transverse direction during the buccal 
phase, and then obliquely forward during the 
lingual phase. In sciurids, there is a phase of 
anterior movement in addition to a lateral 
one (Butler, 1980, 1985). In Aplodontia, 
transverse jaw movement is dominant (Ko- 
enigswald et al., 1994), but there is no ver¬ 
tical shearing because of the flat occlusal sur¬ 
face of its dentition. Wear patterns in other 
early gliroid mammals, such as Eurymylus 
and Mimotona (Butler, 1985), are similar to 
those of Rhombomylus. Within the phyloge¬ 
netic constraint, the evolutionary tendency of 
mastication in gliroid mammals appears to be 
reduction of vertical and transverse compo¬ 
nents of mandibular movement but increase 
of horizontal and propalinal components. 

In the leporids studied by Weijs and Dan- 
tuma (1981), shearing is used primarily in 
hay mastication, whereas crushing is used in 
feeding on carrots. Although microwear rate 
is rapid and may reflect only short-term di¬ 
etary variation (Walker et al., 1978; Skog- 
land, 1988; Teaford and Oyen, 1989), dietary 
preference of soft vegetation for Rhombo¬ 
mylus is supported by the following factors: 
(1) lack of enamel ridges on the occlusal sur¬ 
face except the shearing edges on upper 
teeth; (2) predominance of fine striations and 
pits on wear facets of tooth enamel ridges; 
(3) a combination of fine striations and pol¬ 
ished areas on dentinal areas, suggesting a 
significant component of compression during 
the occlusion; and (4) lack of distinct pits 
and striations in the hypocone shelf. 

Conclusions 

The masticatory apparatus and mastication 
of Rhombomylus are similar to those of lago- 
morphs in the following aspects: (1) The up¬ 
per cheek teeth are considerably wider than 
the lower ones. (2) The cheek teeth have 
transverse shearing ridges. The main shear¬ 
ing facets are on the anterior surface of the 
upper cheek teeth and the posterior wall of 
the trigonid of the lower one. (3) The thickest 
enamel forms the anterior edge of the upper 
tooth and the posterior wall of the trigonid 
of the lower. (4) The enamel microstructure 


is more like that of lagomorphs than that of 
rodents. (5) Power strokes of chewing are 
unilaterally and buccolingually directed, 
starting with the buccal edges of the upper 
and lower molars aligned. Mastication in¬ 
volves both shearing and crushing power 
strokes. The mandible movement is primarily 
transverse during mastication. 

The masticatory apparatus and mastication 
of Rhombomylus are similar to those of ro¬ 
dents in the following aspects: (1) 13 is ab¬ 
sent. (2) P2 is absent. (3) The glenoid fossa 
is anteroposteriorly elongated. (4) The min¬ 
imum working distance of the mandible is 
relatively long, compared to that of lago¬ 
morphs. (5) The upper diastema is longer 
than the lower one. (6) The wear facets on 
the incisors are long. (7) The general mor¬ 
phology of the mandible is rodentlike. 

The masticatory apparatus of Rhombomy¬ 
lus shows several primitive conditions in 
comparison to more advanced gliroid mam¬ 
mals. (1) The origins of the masseter muscles 
are relatively posteriorly located; they do not 
pass the anterior edge of the orbit. (2) The 
insertions of the masseter muscles are also 
posteriorly located. The anterior extremity of 
any muscle insertion is behind the posterior 
edge of the orbit. The posterior extremity, 
represented by the posterior end of the an¬ 
gular process, is behind the level of the ex¬ 
ternal auditory meatus. These sharply con¬ 
trast with the conditions in rodents and lago¬ 
morphs. In the latter, the origin of some mus¬ 
cles is anterior to the orbit and the anterior 
limit of the muscle can reach to, or even 
pass, the anterior edge of the orbit. The in¬ 
sertions of the muscles in rodents and lago¬ 
morphs usually do not pass posterior to the 
ear region, or even the glenoid fossa. (3) The 
coronoid process of the mandible and the 
temporal region of the skull are relatively 
large. (4) The incisors are slender and the 
tooth crown is relatively short. (5) The enam¬ 
el is pauciserial and has lower prism density. 
It is, however, more advanced than the radial 
enamel of Tribosphenomys and Sinomylus. 
(6) Although the mandible of Rhombomylus 
can be protruded anteriorly and the elongate 
glenoid fossa allows such a movement, the 
mastication is primarily transverse. 

Several general conclusions can be made 
for evolution of the masticatory apparatus of 
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gliroid mammals. First, the propalinal move¬ 
ment of the mandible that permits gnawing 
and incisor sharpening is a gliroid synapo- 
morphy that is found in all Glires in which 
the lower incisors are known. In other mam¬ 
mals the lower incisors may be enlarged, but 
they are unable to protrude anteriorly to per¬ 
form self-sharpening. Corresponding to this 
inability, their glenoid fossa is not antero- 
posteriorly elongate, contrasting with the 
condition in rodents. 

Second, transverse and oblique jaw move¬ 
ments are probably primitive in gliroid mam¬ 
mals. Although all gliroid mammals are ca¬ 
pable of anteroposterior movements of the 
mandible for incisal biting and sharpening, 
only some advanced forms are capable of 
propalinal mastication. The propalinal mas¬ 
tication is a derived condition and has been 
independently evolved several times in ro¬ 
dents. 

Third, evolution of the gnawing function 
is prior to and independent of that of pro¬ 
palinal chewing. It is also prior to the ante¬ 
rior shift of the jaw muscles. 

Fourth, anterior shift of the jaw muscles is 
a general trend for gliroid mammals, partic¬ 
ularly rodents. It distinguishes gliroid mam¬ 
mals from other placentals. The modification 
of jaw musculature was originally and pri¬ 
marily to emphasize the strength of incisor 
biting by increasing the moment arms of the 
muscles. 

Fifth, modifications of the jaw muscula¬ 
ture already occurred in early gliroids, such 
as Rhombomylus, and diverged in several di¬ 
rections independently among various gliroid 
groups, particularly rodents. 

Sixth, acquisition of some cranial features 
such as the anteroposterior elongate glenoid 
fossa is originally related to gnawing and in¬ 
cisor sharpening, not to mastication. For ear¬ 
ly gliroid mammals, such as Rhombomylus , 
an elongate glenoid fossa is only beneficial 
for gnawing; it does not seem to be critical 
for transverse chewing. 

Seventh, reduction of teeth is a general 
evolutionary trend in rodents; however, 
enamel ridges and bands functioning as 
grinding edges are generally increased. Mas¬ 
tication evolved from primarily shearing to 
grinding, which is more efficient for pro¬ 
cessing vegetable food with tough fabrics. 


Finally, and in general, the evolution of 
rodent mastication is a refining process that 
involves many aspects of the masticatory ap¬ 
paratus including the skull, mandible, jaw 
muscles, tooth morphologies, tooth size, 
enamel structures, and chewing rates. Refine¬ 
ments of these masticatory features often 
evolved independently in different directions 
and in mosaic combinations. Thus, the het- 
erochronical acquisition of masticatory fea¬ 
tures and the mosaic pattern of these features 
convey phylogenetic information at various 
levels of Glires. 

FUNCTIONAL ANALYSIS OF 
POSTCRANIAL SKELETON 

Postcranial specimens are poorly known 
for some early gliroid mammals, including 
Mimolagus (Bohlin, 1951; Bleefeld and Mc¬ 
Kenna, 1985), Heomys (Li and Ting, 1985, 
1993), Tribosphenomys (Meng and Wyss, 
2001), and Matutinia (Ting, et al. 2002). Lo¬ 
comotion of Rhombomylus can only be in¬ 
ferred by comparison with extant mammals 
in which locomotion is adequately known 
(Szalay and Sargis, 2001). The model mam¬ 
mals used for comparison include Sciurus 
(habitual climbers, but also active on the 
ground), Marmota (mainly terrestrial walk¬ 
ers, good swimmers, and occasional climb¬ 
ers), Erethizon (terrestrial walkers, slow as¬ 
cending climbers), Dasyprocta (terrestrial 
walkers, runners and jumpers), Rattus (good 
runners, climbers, and diggers), Cavia (ter¬ 
restrial walkers and diggers), Lepus (terres¬ 
trial walkers, runners, and jumpers), Ocho- 
tona (terrestrial walkers, runners, and dig¬ 
gers), Tupaia (agile climbers, although some 
species are not habitual [Sargis, 2001] and 
active terrestrial walkers), and Rhynchocyon 
(terrestrial walkers and jumpers). It is unclear 
which locomotion is primitive for gliroid 
mammals. Although highly conjectural, it 
seems that walking on the ground is the eas¬ 
iest method of locomotion for early mam¬ 
mals, because it requires less morphological 
modification than climbing, fast running, 
jumping, and digging. Those behaviors are 
usually associated with distinctive morpho¬ 
logical specialization. In the following com¬ 
parison, we identify morphological modifi¬ 
cations for locomotion of Rhombomylus. 
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Muscle attachments in fossil taxa are based 
on their analogs in extant mammals (Kielan- 
Jaworowska and Gambaryan, 1994; Rinker, 
1954; Evans and Christensen, 1979). 

FORELIMB 

Scapula: The angular appearance of the 
scapula in Rhombomylus is similar to those 
of terrestrial mammals such as Lepus, Och- 
otona, Cavia, Dasyprocta, and Rhynchocyon, 
in which both anterior and posterior angles 
of the scapular blade are relatively distinct. 
In Sciurus and Tupaia, only the posterior an¬ 
gle is distinct. In contrast, the dorsal and an¬ 
terior borders of the scapula are confluent to 
form a long convex border. The slow climber 
Erethizon and occasional climber Mannota 
also lack a distinct anterior scapular angle. 
The difference between the above strict ter¬ 
restrial mammals and those capable of climb¬ 
ing is probably related to the different rota¬ 
tional modes of the scapula in the two forms 
(Argot, 2001). The dorsal border of the scap¬ 
ula is the place the m. serratus inserts ante¬ 
riorly. The angular scapula with somewhat 
straight dorsal border helps the posterior por¬ 
tion of m. serratus anterior to resist the dorsal 
gliding of the scapula in movement on hor¬ 
izontal substrates (Jolly, 1967 in Argot, 
2001), while the confluent and convex anter- 
odorsal border provides mechanical advan¬ 
tage for this muscle to rotate the scapula ex¬ 
tensively, which is crucial in climbing. In 
terms of the angulation of the scapular blade, 
Rhombomylus is more similar to terrestrial 
mammals than to climbing forms. 

Argot (2001) found that in didelphi- 
morphs, the posterodorsal angle (caudal an¬ 
gle in Argot’s paper) of the scapula is much 
more posteriorly extended in arboreal forms 
than in terrestrial forms. A similar condition 
is present in fossorial eutherians (Smith and 
Savage, 1956). The extended posterodorsal 
angle presumably increases the lever arm of 
the m. teres major (Smith and Savage, 1956). 
The posterodorsal angle of the scapula in 
Rattus, Rhynchocyon, Cavia, Lepus, and 
Ochotona is more extended than those in Tu¬ 
paia, Sciurus, Mannota, and Erethizon. In 
Tupaia, and more distinctly in Sciurus, a 
small fossa is developed on the posterodorsal 
angle to accommodate the strong m. teres 


major. This structure seems to correspond to 
ascending climbing in these agile animals 
(Thorington et al., 1997). With regard to the 
shape of the posterodorsal angle of the scap¬ 
ula, Rhombomylus is similar to Marmota and 
Erethizon. 

The scapular spine provides the insertion 
for the m. trapezius that is active in abduc¬ 
tion, protraction, and retraction of the scap¬ 
ula. The spine and the acromion are also the 
places where deltoid muscles originate; the 
latter are the retractors and abductors of the 
humerus. In Tupaia, Sciurus, Mannota, and 
Erethizon the scapular spine and the acro¬ 
mion are strong, which is in accord with ro¬ 
tation and abduction of the scapula and hu¬ 
merus in climbing. The acromion plate usu¬ 
ally extends ventrally and anteriorly beyond 
the glenoid fossa. The clavicle is thick and 
has a strong articulation with the acromion. 
It appears that the clavicle can act as a brac¬ 
ing structure in the rotation of scapula and 
abduction/adduction of the forelimb. These 
structures are relatively reduced or even lost 
in Lepus, Ochotona, Cavia, Dasyprocta, and 
Rhynchocyon, probably as an adaptation for 
terrestrial life, because walking and running 
do not require extensive rotation of the scap¬ 
ula or abduction/adduction of the limbs. The 
scapular spine and acromion of Rhombomy¬ 
lus are intermediate in size between those of 
climbers and terrestrial runners, suggesting a 
certain degree of rotation of the scapula and 
abduction of the arms. The acromion process 
of Rhombomylus is slender, and the clavicle 
is slim. The weak articulation between the 
clavicle and shoulder girdle does not support 
frequent abduction of the forelimb with a 
heavy load in climbing or digging. 

Argot (2001) found that the m. omotrans- 
versarius is more developed in terrestrial di- 
delphids than in more scansorial or arboreal 
forms, which appears to be also true for eu¬ 
therians. The m. omotransversarius origi¬ 
nates on the metacromion process of the 
scapula and helps to pull the glenoid cavity 
forward during locomotion. In Lepus, Och¬ 
otona, Cavia, and Dasyprocta the metacrom¬ 
ion process is large and extends posteriorly 
to form the ventral extremity of the spine, in 
contrast to the reduced acromion process in 
these mammals. The metacromion process is 
usually small in climbers. The relative size 
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of the metacromion process in Rhombomylus 
is smaller than that of terrestrial runners, but 
larger than that of climbers. 

The coracoid process in Tupaia, Sciurus, 
Rattus, Marmota, and Erethizon is large, ro¬ 
bust, and projects anteroventrally. It is re¬ 
duced in Cavia, Dysaprocta, and Rhyncho- 
cyon. In Lepus and Ochotona, the process is 
large but projects medially and ends with a 
thin tip. The tip of the coracoid process is 
the origin of m. coracobrachialis, which ad¬ 
ducts and rotates the forelimb. The basal part 
of the coracoid process is for the origin of 
one head of the m. biceps, the major flexor 
of the forearm. The robust and anteroven¬ 
trally projected coracoid process in Tupaia, 
Sciurus, Rattus, and Marmota indicates that 
both muscles are well developed in these 
mammals and they play an important role in 
climbing. The m. coracobrachialis is also de¬ 
veloped in Lepus and probably in Ochotona', 
it helps to hold the shoulder joint while the 
animal is running. The muscle seems not 
well developed in Cavia, Rhynchocyon, and 
Dasyprocta because of a reduced coracoid 
process. The m. biceps probably is more de¬ 
veloped in terrestrial runners than in climb¬ 
ers. In this regard, the supraglenoid tuber¬ 
osity from which another head of the biceps 
originates is usually more robust in terrestrial 
runners than in climbers. The tuberosity is 
smaller in Rattus and Marmota than in Sciu¬ 
rus and Tupaia. In the orientation of the cor¬ 
acoid process, Rhombomylus is similar to 
climbers, but the small size of the process 
may suggest limited capability of adducting 
the humerus. The supraglenoid tuberosity of 
Rhombomylus, on the other hand, is quite ro¬ 
bust and similar to those of Lepus and Och¬ 
otona. 

The pear-shaped articular facet of the glen¬ 
oid fossa is common in many terrestrial and 
arboreal mammals (Roberts, 1974). The fos¬ 
sa is narrower than the surface of the hu¬ 
meral head so that abduction and adduction 
of the humerus at the joint are possible. The 
differences between the widths of the glenoid 
fossa and humeral head are greater in arbo¬ 
real climbers than in terrestrial runners. Le¬ 
pus may represent an extreme example in 
which the glenoid fossa expands posteriorly 
and the posterior part of the glenoid fossa is 
as broad as the humerus head. Thus, abduc¬ 


tion and adduction of the humerus is limited, 
if possible at all, in Lepus. In Rhombomylus, 
the glenoid fossa is pear-shaped and narrow¬ 
er than the humeral head, allowing abduction 
and adduction of the forearm. As in Tupaia, 
Sciurus, Rattus, Marmota, Rhynchocyon, Le¬ 
pus, and Ochotona, the glenoid fossa of 
Rhombomylus has an anterior lip. It helps to 
prevent dislocation of the shoulder joint 
when the humerus is highly flexed. 

Humerus: Szalay and Sargis (2001) found 
that arboreal marsupials differ from terrestri¬ 
al ones in that their humeral heads are less 
beaked posteriorly. Similar differentiation is 
found in eutherians compared in this study. 
Owing to enlargement of the greater tubercle, 
the humeral head in Cavia, Dasyprocta, Le¬ 
pus, Ochotona, and Rhynchocyon is posteri¬ 
orly shifted relative to the humeral shaft. 
Such a shifting increases the lever arms of 
the muscles (see below). The structure in 
Rhombomylus is similar to that of climbing 
forms, which show little shifting in the hu¬ 
meral head. On the other hand, in all euthe¬ 
rians compared here, except Erethizon, the 
humeral head overhangs the shaft posteriorly 
to some degree and the articular surface of 
the head faces posteroproximally. Such an 
orientation allows the humerus to flex against 
the scapula sufficiently, although tensile and 
stressing forces loaded on the shoulder joint 
may be different in various locomotor pat¬ 
terns. 

The greater tubercle is the insertion of the 
m. supraspinatus and infraspinatus. Both 
muscles play important roles in stabilizing 
the shoulder joint. The supraspinatus is also 
involved in protraction of the humerus and 
the infraspinatus is mainly an abductor and 
external rotator of the humerus (Jenkins and 
Weijs, 1979; Argot, 2001). The enlargement 
of the greater tubercle in Cavia, Dasyprocta, 
Lepus, Ochotona, and Rhynchocyon empha¬ 
sizes the role of the supraspinatus in protract¬ 
ing the humerus during running, jumping, or 
digging. The infraspinatus in these mammals 
mainly acts as a joint stabilizer because ab¬ 
duction of the humerus at the joint is limited 
by the enlarged greater tubercle. The lesser 
tubercle is mainly for the insertion of the m. 
subscapularis, which is an adductor of the 
humerus. In Sciurus and Tupaia, the lesser 
tubercle is even more conspicuous than the 
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greater one. A large lesser tubercle increases 
the lever arm of the m. subscapularis (Argot, 
2001). The enlargement of the greater tuber¬ 
cle in Rhombomylus indicates terrestrial lo¬ 
comotion. The relatively small lesser tubercle 
suggests that power adduction exerted by the 
subscapularis is limited. The greater and less¬ 
er tubercles of Rhombomylus are similar to 
those of Marmota and Erethizon in shape 
and size. 

The lateral epicondylar crest is the place 
for origin of extensor muscles of the forearm 
and manus. This crest is well developed in 
Sciurus and Marmota, but reduced in Lepus, 
Ochotona, Dasyprocta, and Rhynchocyon. A 
large lateral epicondylar crest is usually as¬ 
sociated with climbing and manipulative 
ability of the manus (Szalay and Sargis, 
2001). A reduced epicondylar crest is usually 
associated with forms that are not good at 
climbing or manipulating objects with hands. 
Reduction of the lateral epicondylar crest 
may simplify the distal limb musculature, an 
adaptation for high-speed locomotion. The 
crest is moderately developed in Rhombo¬ 
mylus, Rattus, Tupaia, and Erethizon, which 
probably indicates some degree of manipu¬ 
lative ability of the manus. 

The entepicondyle provides the site for at¬ 
tachment of major flexor muscles of the 
hand. Its size is related to rotation and flexion 
of the forelimb as well as pronation of the 
manus. The entepicondyle is reduced in Le¬ 
pus, Ochotona, Cavia, and Dasyprocta, cor¬ 
responding to simple movements of the ma¬ 
nus in these terrestrial mammals. Although a 
well-developed entepicondyle is not always 
associated with arboreal lifestyle, such as in 
Rhynchocyon, climbing forms typically have 
a large entepicondyle. Rhombomylus has a 
moderate entepicondyle, comparable to those 
of Erethizon and Tupaia, but smaller than 
those of Sciurus, Rattus, and Marmota. 

The development of the olecranon and ra¬ 
dial fossae on the humerus indicates the 
range and stability of the forearm in exten¬ 
sion and flexion. The large, deep fossae in 
terrestrial forms, such as Cavia, Dasyprocta, 
Lepus, Ochotona, and Rhynchocyon, indicate 
capacity of full extension and flexion of the 
forearm. In these mammals, the bony plate 
between the two fossae is perforated and a 
large supratrochlear foramen is formed. 


These structures, as well as the anconeal pro¬ 
cess of the ulna and radial head, form a lock¬ 
ing mechanism that helps stabilizing the el¬ 
bow joint. Such a mechanism is probably an 
adaptation to high loading of the joint in ter¬ 
restrial locomotion. The locking mechanism 
of the elbow joint is further strengthened by 
the lateral lip and ridges of the capitulum in 
Lepus. In Sciurus, Tupaia, Rattus, Marmota, 
and Erethizon, however, the olecranon and 
radial fossae are shallow, the supratrochlear 
foramen is absent, and the capitulum is spin¬ 
dlelike, lacking the lateral lip. The morphol¬ 
ogy of the distal humerus in these mammals 
indicates incomplete extension and flexion 
and high mobility of the elbow joint. The 
olecranon fossa in Rhombomylus is similar to 
that of typical terrestrial forms, although its 
humeral capitulum is somewhat spindlelike 
and lacks the lateral lip. Therefore, the fore¬ 
arm of Rhombomylus is probably capable of 
extending to a greater degree than those of 
climbing mammals, and at the same time it 
can reach a wider transverse range than those 
of typical terrestrial forms. Lack of the su¬ 
pratrochlear foramen in Rhombomylus sug¬ 
gests that extension and flexion of the fore¬ 
arm are less extensive than in Lepus and Ca¬ 
via. 

Ulna and Radius: The olecranon process 
of the ulna is the lever arm of the triceps 
muscle, which is the major extensor of the 
forearm. In Sciurus, Rattus, and Tupaia, the 
posterior surface of the olecranon process is 
convex and oblique; it suggests habitual flex¬ 
ion of the forearm in these taxa (Szalay and 
Sargis, 2001). In Dasyprocta, Rhynchocyon, 
Lepus, Ochotona, Erethizon, and Marmota, 
the olecranon process is straight and the lever 
arm of the triceps is elongated as the result 
of elongation of the forearm. This gives the 
muscle advantage to work more efficiently in 
terrestrial locomotion. Rhombomylus resem¬ 
bles Sciurus, Rattus, and Tupaia in having 
an olecranon process with a convex posterior 
border. 

The shape of the radial notch on the ulna 
and its counterpart on the radius are good 
indicators of the forearm rotation (Taylor, 
1974; MacLeod and Rose, 1993; Argot, 
2001). In Dasyprocta, Cavia, Rhynchocyon, 
Lepus, and Ochotona, the articular facets are 
relatively flat and the bones tightly contact 
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each other to limit flexibility at the joint. This 
is commonly seen in terrestrial locomotors. 
In climbers, such as Sciurus and Tupaia, the 
ulna-radial joint is more flexible. The ulna- 
radial joint of Rhombomylus is similar to 
those of the climbing mammals. 

In Dasyprocta, Rhynchocyon, Lepus, Och- 
otona, and Cavia, the long axis of the troch¬ 
lear notch is nearly parallel to the direction 
of the ulnar shaft. In Sciurus, Rattus, and Tu¬ 
paia, the axis is oblique to the ulnar shaft. 
The radial head is anterior to the ulna in 
those with the notch parallel to the shaft, but 
is anterolateral to the ulna in those with an 
oblique notch. The anteriorly located radius 
is probably suitable to weight loading in an¬ 
teroposterior movements of the forelimb, 
which is inducted by the parallel trochlear 
notch. The orientation of the trochlear notch 
and the location of the radial notch of Rhom¬ 
bomylus are similar to those of Sciurus, Rat¬ 
tus, and Tupaia. 

The radial articular surface for the capit- 
ulum is another elbow feature indicative of 
locomotion. In Sciurus, Rattus, Tupaia, Mar- 
mota, and Erethizon, the surface is gently 
concave and slightly convex medially, allow¬ 
ing rotation of the radius around the ulna as 
well as maintaining the articulation of the ra¬ 
dius and capitulum of the humerus. In Das¬ 
yprocta, Rhynchocyon, Lepus, and Ochotona, 
the surface is concave in the central portion 
but convex medially and laterally. This con¬ 
figuration reinforces the humeroradial artic¬ 
ulation in movement but limits the rotation 
of the radius. These structures in Rhombo¬ 
mylus are more similar to those of Sciurus 
than to those of Lepus. 

Hindlimb 

Pelvic Girdle: The pelvic girdle transmits 
the body weight to the femur and provides 
places for attachment of hindlimb muscles. 
The femoral process is for the origin of the 
m. rectus femoris, a powerful extensors of 
the shank (Taylor, 1976). A distinct femoral 
process is present in all extant mammals 
compared here, except Erethizon, which has 
a rough pit for the origin of the rectus fe¬ 
moris. Rhombomylus, like most mammals 
studied here, has a distinct femoral process, 


which means that its rectus femoris is well 
developed. 

The morphology of the acetabulum is re¬ 
lated to the range of the femoral rotation or 
excursion (Elftman, 1929; Jenkins and Cam- 
azine, 1977). In Lepus, Ochotona, and Cavia 
the acetabulum is deep and has a narrow ac¬ 
etabular notch that restricts the range of 
movement of the femur. The acetabulum of 
Rhombomylus is similar to that of other ex¬ 
tant mammals studied here in being shallow 
and open, with the acetabular notch relatively 
broad. This configuration probably suggests 
a wide range of femoral rotation. 

Jenkins and Camazine (1977) found that 
in carnivores the orientation of the ischium 
is related to the posture of the hindlimb. A 
more vertical ischium indicates a more ab¬ 
ducted femur. This holds true for other mam¬ 
mals. For instance, Sciurus, Rattus, and Tu¬ 
paia have a more vertical ischium than do 
Lepus, Ochotona, Rhynchocyon, and Cavia, 
and the femur in the former group is more 
abducted than in the latter. The orientation of 
the ischium in Rhombomylus is more similar 
to that of Sciurus. 

The configuration of the margins of the ar¬ 
ticular surface on the femoral head is related 
to the limb posture and excursion (Jenkins 
and Camazine, 1977). A larger angle be¬ 
tween the anterior margin of the articular sur¬ 
face and the femoral shaft indicates more ab¬ 
ducted posture of the femur, given that the 
margins of the head and the acetabulum are 
more or less aligned (Jenkins and Camazine, 
1977). However, other factors also contribute 
to limb posture and excursion, such as the 
orientation of the acetabulum. For instance, 
the acetabulum faces lateroventrally in Lepus 
but laterally in Sciurus, the femur is less ab¬ 
ducted in Lepus than in Sciurus, even though 
the angle between the anterior margin of the 
articular surface and the femoral shaft is larg¬ 
er in Lepus than in Sciurus. Ochotona and 
Rhynchocyon have the same condition as Le¬ 
pus. In Rhombomylus, the angle between the 
anterior margin of the articular surface and 
the femoral shaft is similar to that of Lepus 
and is larger than those of Sciurus, Rattus, 
and Tupaia', however, the orientation of its 
acetabulum is similar to those of the latter. It 
is probable that the femur of Rhombomylus 
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is more abducted than those of Sciurus, Tu- 
paia, and Lepus. 

The greater trochanter of the femur is for 
the insertion of the gluteals and the nr. ge- 
nrelli, which extend or abduct the femur. Sza- 
lay and Sargis (2001) found that in marsu¬ 
pials the trochanter is somewhat larger in ter¬ 
restrial forms than in arboreal forms. The re¬ 
lationship does not universally apply to 
eutherians. For instance, Dasyprocta has the 
highest trochanter, indicating the importance 
of the gluteals as the main extensor in cur¬ 
sorial locomotion. However, the trochanter of 
Sciurus , which needs both extension and ab¬ 
duction of the femur in locomotion, is prom¬ 
inent; it is higher than those of Lepus and 
Ochotona. Rhombomylus has a moderate 
greater trochanter with the size similar to that 
of Sciurus, but it is difficult to evaluate 
whether it is particularly related to extension 
or abduction. 

The lesser trochanter of the femur is prob¬ 
ably more indicative of the locomotion pat¬ 
tern than the greater one. Two muscles insert 
on the lesser trochanter, the quadratus fe- 
nroris (originating from the ischium near the 
ischiac tuberosity) that extends and rotates 
the femur outward and the iliopsoas that flex¬ 
es the femur and rotates it inward (Taylor, 
1976). A large and medially directed lesser 
trochanter emphasizes the ability of these 
muscles in rotating, extending, and flexing 
the femur in arboreal forms, such as Sciurus 
(Taylor, 1976). In terrestrial forms, such as 
Lepus and Ochotona, the lesser trochanter is 
small and posteromedially directed. The ex¬ 
tension and flexion of the femur and the ro¬ 
tational ability of the limb are limited. The 
lesser trochanter is large and posteromedially 
directed in Rhombomylus, which is similar to 
that of Rhynchocyon. As in Rhynchocyon and 
Lepus, the limb of Rhombomylus can extend 
and flex considerably, but its rotation is lim¬ 
ited. 

The third trochanter of the femur is for the 
insertion of the m. gluteus superficialis, an 
abductor of the femur. The third trochanter 
in Sciurus, Rattus, and Tupaia is large, but 
it is usually small in terrestrial mammals. 
This trochanter in Rhombomylus is similar to 
that of Tupaia in location and shape, but is 
much smaller. 

The femoral shaft of Rhombomylus is most 


similar to that of Lepus. The elongated and 
relatively slim femoral shaft of Lepus and 
Rhombomylus differs from a relatively short, 
sturdy femoral shaft in other mammals. Elon¬ 
gation of the femoral shaft, relative to the 
humerus, increases the length of the stride 
and provides advantage for cursorial loco¬ 
motion. Other modifications for cursorial lo¬ 
comotion are seen on the distal femoral 
epiphysis, such as a relatively deep patellar 
trochlea and the anteroposteriorly deep 
epiphysis. These conditions are collectively 
found in cursorial terrestrial mammals such 
as Lepus, Rhynchocyon, and Dasyprocta. 
Noncursorial mammals have a relatively 
wider distal epiphysis as well as shallow, 
wider patellar grooves. The distal femur of 
Rhombomylus is similar to that of Lepus. 

Tibia and Fibula: Elongation of the shank 
is present in Lepus, Ochotona, and Rhyncho¬ 
cyon, and to a lesser degree in Dasyprocta, 
Tupaia, Sciurus, and Cavia. The long shank 
also increases the length of the stride and is 
particularly advantageous for cursorial loco¬ 
motion. Although the exact length of the tib¬ 
ia and fibula of Rhombomylus is unknown, it 
seems long based on preserved parts. Unlike 
in Lepus, Ochotona, and Rhynchocyon, the 
tibia and fibula are not fused distally in 
Rhombomylus. However, in Dasyprocta, a 
cursor and jumper, the tibia and fibula are 
separate as well. 

Ankle and Foot: The pes of Rhombo¬ 
mylus is more similar to that of rodents, such 
as Paramys (Wood, 1962; Szalay, 1985), 
than to those of lagomorphs. The upper ankle 
joint in all these groups is characterized by 
the deep trochlea of the astragalus and mal¬ 
leoli of the tibia and fibula, which limit the 
movement at the joint to a fore-and-aft ro¬ 
tation. However, the movements at lower and 
transverse ankle joints are quite different be¬ 
tween Rhombomylus and Paramys on the one 
hand and lagomorphs on the other. Lago¬ 
morphs have flatter articular facets between 
the astragalus and calcaneus, which restricts 
gliding between the two bones. The curved 
and large articular facets between the astrag¬ 
alus and calcaneus in Rhombomylus and Par¬ 
amys allow considerable inversion and ever¬ 
sion at this joint. In advanced lagomorphs, 
the astragalar head is laterally compressed 
and anterior to the astragalar body, and the 
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calcaneocuboid articulation is distal to the 
astragalonavicular articulation, forming a 
locking mechanism that prevents the ankle 
joint from transverse moving. In Rhombo- 
mylus and Paramys, the astragalar head is 
offset medially and is compressed slightly 
obliquely relative to the horizontal plane. 
The calcaneocuboid and astragalonavicular 
articulations are aligned at the same level and 
allow transverse movement of the ankle. The 
ankle of Rhombomylus and Paramys appears 
less specialized and are more movable in 
multiple directions than those of lagomorphs. 

Summary: For many mammals, the fore- 
limbs are not only involved in locomotion, 
but also function as the tool to explore and 
manipulate food items. The adaptation for 
these activities is often indicated by the mor¬ 
phology of the manus. The forelimb of 
Rhombomylus does not show much special¬ 
ization toward arboreal, terrestrial cursorial, 
or fossorial behavior. It is probably capable 
of extensive movement in anteroposterior di¬ 
rections, but with limited abduction and ad¬ 
duction. It may also have the capacity of su¬ 
pination and pronation to some extent. This 
capability is, as seen in many extant rodents, 
most likely related to food manipulation, 
rather than to climbing or digging. The hind- 
limb of Rhombomylus shows many charac¬ 
teristics of terrestrial mammals; some fea¬ 
tures even suggest capability of running or 
jumping. The hindlimb is much longer than 
the forelimb, indicating asymmetrical gait in 
Rhombomylus. It seems that Rhombomylus 
was basically a terrestrial mammal that could 
walk or jump on the ground with an asym¬ 
metrical gait. It probably also used the manus 
for food manipulation, as in many rodents. 
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APPENDIX 1 

Taxa Selected for Analysis and Source of Data (f = extinct) 


Outgroups 

fAsioryctes (Kielan-Jaworowska, 1975, 1977, 
1981, 1984b) 

f Kennalestes (Kielan-Jaworowska, 1969, 1977, 
1981, 1984b) 

Ingroup nongliroid taxa 

t Zalambdalestes (Simpson, 1928a, 1928b; Kie¬ 
lan-Jaworowska, 1969, 1978, 1984a, 1984b; 
Novacek et al., 1997) 

t Barunlestes (Kielan-Jaworowska, 1975; Kielan- 
Jaworowska and Trofimov 1980) 
t Hyopsodus (Gazin, 1968; Thewissen and Domn- 
ing, 1992; NSM 02552) 

t Phenacodus (Thewissen, 1990; Thewissen and 
Domning, 1992; AMNH 293, 296, and 4378) 
t Anagalopsis (Bohlin, 1951; Hu, 1993) 
f Anagale (Simpson, 1931; McKenna. 1963; Hu, 
1993; AMNH 16079, 26141) 
t Leptictis (Novacek, 1986; AMNH 12230, 38829, 
128787 [cast], and F:AM 96763) 

Cynocephalus (AMNH 102704 [skull] and an un¬ 
numbered skeleton) 

Tupaia (Luckett, 1980; AMNH 106505, 107597, 
215174-8, and 113135) 

Petrodromus (Evans, 1942; Corbet and Hanks, 
1968; AMNH 187238) 

Rhynchocyon (Evans, 1942; Corbet and Hanks, 
1968; of AMNH 187232, 49429, 81430, 
187231, and 187233) 

fPseudictops (Sulimski, 1968; unpublished spec¬ 
imens front Inner Mongolia collected by Meng 
in 2000-2001) 

f Plesiadapis (D.E. Russell, 1964; Gingerich, 
1976, Szalay, 1977, 1985; Szalay et al., 1975; 
AMNH 17379, 17388, 17506, 17365, 17174, 
17389, 17171, 33822, 88108, 100108, 33978, 
86744. 101500, 111903 [cast], 111909 [cast], 
111922 [cast], 111915 [cast], and 111913 
[cast]) 

f Notharctus (Gregory, 1920; AMNH 12567, 
11983, 11997, 13134, 12576, 11984, 12588, 
11982, 11985 [cast], 111992, 13133, 11997, 
12575, 12588, 11483, 12583, 11477, 12585, 
13024, 11469, 11457, 127167, 11454, 11475, 
11474, 1727, 5009, 12001, 93617, and 11449) 
t Adapis (Stehlin, 1912; Gregory, 1920; Gingerich 
and Martin, 1981; AMNH109277, 109278, 
109280-2, 113796, 111935-40, 127401-2, 
55360, 127393, 127399, 127400, 127403-5, 
129055, 55364, 10004-18, 10408, 11045-7, 
11097, 55352-9, 55361, 55362, 93841, 
938422, 98203, 10408 [cast], 99979 [cast]. 


103402 [cast], 99980 [cast], 103403 [cast], 
99982 [cast], 11045 [cast], and 99981 [cast]) 

Ingroup gliroid mammals 

Ochotona (VP teaching collection 15519; four 
skulls with associated jaws of personal collec¬ 
tion) 

Prolagus (Dawson. 1969) 

Lepus (VP teaching collection 5022) 

Palaeolagus (Dawson, 1958; AMNH 1042, 5671, 
5672, 5679, 6272, 5738, and uncataloged Frick 
collection) 

f Mimotona (Li and Ting, 1985, 1993; IVPP 
V4327, V4324, V4325.L V4325.2, V4326, and 
V4329) 

f Mimolagus (Bohlin, 1951; Bleefeld and McKen¬ 
na, 1985; Szalay, 1985; IVPP RV51001.2 [re¬ 
turned specimens from Bohlin]) 
f Eurymylus (Matthew and Granger, 1925; Mat¬ 
thew et al., 1929; Wood, 1942; Sych, 1971; 
Dashzeveg and Russell, 1988; AMNH 20422, 
21737) 

f Rhombomylus (Zhai et al., 1976; Zhai, 1978; Li 
and Ting, 1985; Dashzeveg and Russull, 1988. 
See text for specimens studied.) 
f Matutinia (Ting et al., 2002; IVPP V7443, 
V7444. V7445, V7446, V7447, V7448, V7449, 
V7450) 

f Sinomylus (McKenna and Meng, 2001, IVPP 
VI2431) 

f Heomys (Li, 1977; Li and Ting, 1985; Dashzev¬ 
eg and Russell, 1988; personal obs. of IVPP 
V4321. V4322, V4331) 

f Tribosphenomys (Meng et al., 1994; Meng and 
Wyss, 1994; IVPP V10775, V10776, V10778, 
VI0779, V10780a-c) 

f Paramys (Wood, 1962; Szalay, 1985; AMNH 
4755, 4756, 11594, 12506, 48595, 17460, 
14726, 16969, 14718, 11577) 
f Reithroparamys (Wood, 1962; Meng, 1990; 
AMNH 12561. 17031) 

t Paradjidaumo (Wilson, 1949; Black, 1965; Wah- 
lert, 1978; AMNH 102153; the fragmentary po- 
stcranials [tibia and calcaneus] of this taxon 
were described by Cope [1883] but the speci¬ 
mens were not found by later worker [Wood, 
1937], Characters from the postcranials were 
based on the illustrations provided by Cope 
[1883]) 

f Florenticimys (Wahlert, 1983; F:AM 183381, 
108882 i02283, 103384, 103386, 103387, 
103389) 

f Gregorymys (Wood, 1936; Galbreath, 1967; 
AMNH 12887-9, 116846) 
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t Sciuravus (Dawson, 1961; personal obs.: AMNH 
11614, 11609, 12548, 5030, 108241 [cast]; 
USNM 64-59) 

t Cocomys (Li et al., 1989; Dawson et al., 1984; 
IVPP V7401, V7399, V7403, V7404, V7405, 
V5347, V5348, V7409) 

t Cricetops (Carrasco and Wahlert, 1999; AMNH 
19046, 19051, 19054, 21660) 
t Tataromys (Bohlin, 1946; Wang, 1997; AMNH 
19079, 22077, 84208, 85750, IVPP V10534.1) 
t Tsaganomys (Bryant and McKenna, 1995; 
AMNH 19019, 19021, 19023, 19037, 21675, 
82273, 83510; IVPP VI1390) 
t Incamys (Patterson and Wood, 1982) 
t Paraphiomys (Lavocat, 1973; AMNH 5396, 
114281 [cast], 114282 [cast]) Erethizon (Uni¬ 
versity of Massachusetts, UMA 4001) 


Neoreomys (Scott, 1905; AMNH 9484, 9541-3, 
9130, 98903) 

Myocastor (AMNH VP teaching collection 1171) 
Cavia (Cooper and Schiller, 1975; VP teaching 
collection 188) 

Dasyprocta (AMNH 15669, 189 in teaching col¬ 
lection) 

Sciurus (VP teaching collection 1249; AMNH 
48093) 

Marmota (VP teaching collection, 859) 

Rattus (VP teaching collection 148) 

Mus (VP teaching collection 203) 

Note: Enamel data are from Wahlert (1968, 
1989), Martin (1992, 1994, 1999), Flynn et al. 
(1987), Meng and Wyss (2001), and unpublished 
data. 
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APPENDIX 2 
Data Matrix 

A = (0/1); B = (0/2); C = (1/2); D = (2/3); E = (0/3); F = (3/4). Character numbers correspond to 
those described in the text. At the end of the sequence for each taxon are number of scored states 
(excluding question marks) and completeness (= number of scored states/227) 
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APPENDIX 3 


Apomorphy Lists 

These lists apply to the consensus cladogram 
illustrated in figure 74. The numbers of nodes cor¬ 
responds to those in figure 74. The format is as 
follows: character number (description of the 
character), consistency index, and character trans¬ 
formation from one state to another. The double 
arrow (=>) represents an unequivocal transforma¬ 
tion that occurs in both ACCTRAN and DEL- 
TRAN reconstruction. The single arrow (—>) in¬ 
dicates an equivocal transformation that occurs in 
either ACCTRAN or DELTRAN reconstruction, 
but not in both. Character numbers correspond to 
those used in the text. 

ACCTRAN 

Asioryctes —> node 93 

5 (number of lower incisors), 1.000, 0 => 1 

20 (i4 occurrence). 1.000, 0 => I 

21 (15 occurrence), 1.000, 0 —> 1 

93 (mandibular condyle shape), 0.500, 0 —> 1 
188 (scaphoid and lunate fusion), 0.250, 0 —> 1 
201 (fibula size), 0.125, 0 -> 1 
204 (astragalus trochlea), 0.500, 0 —> 1 
209 (astragalofibular facet), 0.500, 0 —> 1 
216 (cuboid facet on astragalus), 0.200, I -A 0 
218 (calcaneofibular facet), 0.600, 0 —> I 
223 (cuboid length), 0.333, 1 -A 0 


Node 93 -a node 92 

6 (number of upper incisors), 1.000, 0 => 1 
19 (14 occurrence), 1.000, 0 => 1 

24 (upper canine roots), 0.250, 0 —> 1 

25 (lower canine occurrence), 0.333, 0 => 1 

26 (lower canine roots), 0.500, 0 => 1 
37 (p4 trigonid shape), 0.500, 0 => 1 
99 (postglenoid foramen), 0.500, 0 => 1 
110 (alisphenoid canal), 0.333, 0 => 1 

158 (bulla shape), 0.667, 0 -A 1 

159 (external auditory canal), 0.167, 0 —> 1 
164 (entotympanic bulla), 0.333, 0 —> 1 


Node 92 —> node 51 

4 (upper diastema), 0.750, 0 => 1 

8 (il size), 0.500, 0 => 1 

18 (13 position), 0.667, 0 -A 1 

58 (upper molar trigon), 0.500, 0 => 4 

106 (dorsal palatine foramen), 0.500, 0 —> 1 

108 (sphenopalatine foramen), 0.429, 0 -A 2 

118 (premaxilla size), 0.571, 0 => 1 

123 (anterior zygomatic root), 0.667, 0 => 1 

199 (distal tibia-fibula), 0.333, 0 -> 2 

217 (calcaneus width), 0.250, 0 —> 1 


Node 51 -a Zalambdalestes 

24 (upper canine roots), 0.250, 1 —» 0 

167 (course of stapedial artery), 0.200, 0 => 1 


Node 51 -A Barunlestes 

1 (incisor enamel), 0.500, 0 => 1 

28 (PI occurrence), 0.250, 0 => 1 

29 (p2 occurrence), 0.333, 0 => 1 

106 (dorsal palatine foramen), 0.500, 1 —> 2 


Node 92 —> node 91 

42 (P4 buccal cusp), 0.231. 0 => 2 

64 (upper molar hypocone), 0.250, 0 => I 

73 (lower molar trigonid), 0.400, 0 -A 1 

95 (mandibular foramen position), 0.250, 0 -a 1 

105 (foramen ovale), 0.333, 0 => 1 

114 (mastoid foramen), 0.429, 0 => 2 

166 (distal internal carotid artery), 0.267, 0 —> 1 

174 (intercentrum and arches), 1.000, 0 => 1 

175 (atlantal-axial joint), 1.000, 0 => 1 

176 (number of sacral vertebrae), 0.500, 0 —> 1 
190 (epipubic bone occurrence), 1.000, 0 => 1 
197 (distal femur), 0.100, 0 —> 1 

214 (astragalar neck length), 0.143, 0 —> 1 


Node 91 —> node 85 

53 (upper molar crown shape), 0.429, 0 => 1 
57 (upper molar posteroloph), 0.571, 0 => 1 
62 (upper molar conules), 0.300, 0 -A 1 
70 (hypoflexid depth). 0.200, 0 -A 1 
83 (m3 hypoconulid), 0.556, 0 —> 1 
85 (mandibular condyle height), 0.500, 0 
163 (ectotympanic contribution), 0.500, 0 

187 (distal articulation surface), 0.333, 0 

188 (scaphoid and lunate fusion), 0.250, 1 -A 0 
195 (third trochanter size), 0.182, 1 —> 0 

201 (fibula size), 0.125, 1 -A 0 


Node 85 —> node 52 

31 (P2 shape), 0.600, 0 => 2 

58 (upper molar trigon), 0.500, 0 => 1 

69 (mure occurrence), 0.200, 0 => 1 

77 (lower molar paraconid), 0.400. 0 => 1 

83 (m3 hypoconulid), 0.556, 1 —> 2 

166 (distal internal carotid artery), 0.267, 1 -a 0 

176 (number of sacral vertebra), 0.500, 1 —> 2 

185 (central process of radial), 0.200, 0 => 1 

189 (centrale occurrence), 0.500, 0 => 1 


Node 52 -a Hyopsodus 

23 (upper canine occurrence), 0.500, 0 => 1 
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42 (P4 buccal cusp), 0.231, 2 => 0 

45 (P4 hypocone), 0.286, 0 => 1 

85 (mandibular condyle height), 0.500, 1 —» 0 

192 (great trochanter position), 0.167, 1 => 0 

193 (femoral neck length), 0.167, 0 => 1 

196 (patellar trochlea), 0.125, 1 => 0 

197 (distal femur), 0.100, 1 —> 0 

216 (cuboid facet on astragalus), 0.200, 0 => 1 

Node 52 —> Phenacodus 

25 (lower canine occurrence), 0.333, 1 => 0 
33 (p3 shape), 1.000, 0 => 1 
35 (P3 shape), 0.667, 0 => 1 
39 (p4 talonid shape), 0.182, 0 => 1 

55 (upper cheek tooth lingual), 0.500, 0 => 1 

59 (upper molar centrocrsta), 0.750, 0 => 1 

60 (upper molar mesostyle), 0.143, 0 => 1 
96 (incisive foramen), 0.545, 0 => 1 

167 (course of stapedial artery), 0.200, 0 => 2 

178 (acromion), 0.200, 0 => 1 

179 (greater tuberosity of hum), 0.250. 0 => 1 
184 (posterior edge of proximal ulna), 0.125, 

0 => 1 

191 (articular surface on femurs), 0.167, 1 => 0 
214 (astragalar neck length), 0.143, 1 —> 0 

Node 85 —> node 84 

37 (p4 trigonid shape), 0.500, 1 => 3 
39 (p4 talonid shape), 0.182, 0 —» 2 

46 (molar labial cingulum), 0.500, 0 => 1 

56 (upper molar protoloph), 0.571, 0 => 1 

61 (upper molar protocone), 0.429, 0 => I 

63 (upper molar paracone and metacone), 0.667, 
0 -> 1 

74 (posterior wall of trigonid), 1.000, 0 => 1 

116 (nasal), 0.444, 0 => 1 

148 (postglenoid process) , 0.667, 0 —» 1 

170 (Squamosal to epitympanic) , 0.500, 0 —» 1 

202 (tibia malleolus), 0.286, 0 —> 1 

208 (lateral process of astragalus), 0.200, 0 => 1 

210 (dorsal astragalar foramen), 0.250, 1 —> 0 

217 (calcaneus width), 0.250, 0 => 1 

Node 84 —> node 82 

25 (lower canine occurrence), 0.333, 1 —> 0 
33 (p3 shape), 1.000, 0 => 2 
50 (cheek teeth height), 0.500, 0 => 1 
52 (lower tooth row size), 0.375, 0 => 1 
70 (hypoflexid depth), 0.200, 1 —> 0 
99 (postglenoid foramen), 0.500, 1 —> 0 
133 (palatine-lacrimal contact), 0.500, 0 —> 1 
136 (lacrimal facial process), 0.333, 0 => 1 
164 (entotympanic bulla), 0.333, 1 —» 0 
167 (course of stapedial artery), 0.200, 0 —» 1 
182 (supratrochlear foramen), 0.143, 1 => 0 
214 (astragalar neck length), 0.143, 1 —> 0 
225 (plantar process of navicular), 0.333, 0 —» 1 


Node 82 —> node 54 

54 (upper cheek tooth precingulum), 0.600, 0 => I 
62 (upper molar conules), 0.300, 1 —> 2 
64 (upper molar hypocone), 0.250, 1 => 0 
85 (mandibular condyle height), 0.500, 1 —> 0 
114 (mastoid foramen), 0.429, 2 —> 0 
159 (external auditory canal), 0.167, 1 —> 0 
166 (distal internal carotid artery), 0.267, 1 —> 2 

169 (facial nerve), 0.222, 0 —> 2 

170 (squamosal to epitympanic), 0.500, 1 —* 0 

171 (tensor tympani muscle), 0.333, 0 —> 1 
184 (posterior edge of proximal ulna), 0.125, 

0 1 

193 (femoral neck length), 0.167, 0 => 1 

220 (calcanealoastragalar position), 0.167, 0 —> 1 


Node 54 —> node 53 

31 (P2 shape), 0.600, 0 ^2 
61 (upper molar protocone), 0.429, 1 => 3 
63 (upper molar paracone and metacone), 0.667, 
1 -> 0 

77 (lower molar paraconid), 0.400, 0 —> 1 
145 (postorbital process of frontal), 0.222, 0 => 1 

196 (patellar trochlea), 0.125, 1 —> 0 

197 (distal femur), 0.100, 1 —» 0 

208 (lateral process of astragalus), 0.200, 1 —> 0 
216 (cuboid facet on astragalus), 0.200, 0 => 1 


Node 53 —> Anagalopsis 
87 (number of mental foramen), 0.167, 0 => 1 
107 (supraorbital foramen), 0.333, 0 => 1 
148 (postglenoid process occur), 0.667, 1 —> 0 


Node 53 -4 Anagale 

42 (P4 buccal cusp), 0.231, 2 => 0 

163 (ectotympanic contribution), 0.500, 2 => 1 

164 (entotympanic bulla), 0.333, 0 —> 1 


Node 54 —> Pseudictops 

42 (P4 buccal cusp), 0.231, 2 => 1 
73 (lower molar trigonid), 0.400, 1 => 0 

218 (calcaneolibular facet), 0.600, 1 => 2 

219 (calcaneoastragalar facet), 0.500, 0 => 1 
221 (sustentaculum on calcaneus), 0.500, 0 => 1 


Node 82 -» node 81 

I (incisor enamel), 0.500, 0 => 1 
4 (upper diastema), 0.750, 0 —> 2 
7 (il occurrence), 1.000, 0 => 1 

9 (II occurrence), 0.250, 0 => 1 

II (di2 occurrence), 1.000, 0 => 2 

12 (i2 replacement), 1.000, 0 => 1 

13 (DI2 size), 1.000, 0 => 2 
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15 (12 replacement), 1.000, 0 => 1 

16 (i3 occurrence), 0.333, 0 —> 1 
18 (13 position), 0.667, 0 —» 1 

22 (incisor shape), 0.750, 0 => 2 

23 (upper canine occurrence), 0.500, 0 => 2 
25 (lower canine occurrence), 0.333, 0 —> 2 

27 (pi occurrence), 0.333, 0 => 1 

28 (PI occurrence), 0.250, 0 => 1 

29 (p2 occurrence), 0.333, 0 => I 
31 (P2 shape), 0.600, 0 => 1 

35 (P3 shape), 0.667, 0 => 1 
37 (p4 trigonid shape), 0.500. 3 —> 2 
39 (p4 talonid shape), 0.182, 2 —> 0 
59 (upper molar centrocrsta), 0.750, 0 => 2 
77 (lower molar paraconid), 0.400, 0 => 2 
84 (low diastema), 1.000, 0 => 2 
86 (horizontal ramus length), 1.000. 0 => 1 

88 (coronoid process), 0.667, 0 —> 1 

89 (angular process size), 0.500, 0 => 1 

93 (mandibular condyle shape), 0.500. I => 2 

96 (incisive foramen), 0.545, 0 —> 2 

97 (infraorbital canal length), 0.500, 0 => 1 
99 (postglenoid foramen), 0.500, 0 —> 2 

102 (lacrimal foramen position), 0.400, 0 => 1 

103 (nasolacrimal canal position), 1.000, 0 => 1 
112 (sphenopalatine vacuity), 0.500, 0 —> 1 
116 (nasal), 0.444, 1 -> 2 

118 (premaxilla size), 0.571, 0 —> 3 

119 (premaxilla on rostrum), 0.667, 0 => 1 
123 (anterior zygomatic root), 0.667, 0 => 1 
127 (orbit position), 0.500, 0 => 1 

137 (lacrimal-jugal contact), 0.250, 0 —> 1 

147 (glenoid fossa shape), 0.800, 0 —> 2 

148 (postglenoid process), 0.667, 1 => 2 

149 (glenoid fossa position), 1.000, 0 => 1 
195 (third trochanter size), 0.182, 0 —> 1 

210 (dorsal astragalar foramen), 0.250, 0 —> 1 
213 (calcaneoastragalar and Su), 0.143, 0 —> 1 


Node 81 —» node 58 

2 (enamel layer), 0.667, 0 => 2 

14 (dI2 surface), 0.500, 0 1 

44 (P4 lophs), 0.500, 0 => 1 

85 (mandibular condyle height), 0.500, 1 —> 2 

88 (coronoid process), 0.667, 1 —» 4 

91 (masseteric fossa), 0.300, 0 => 1 

96 (incisive foramen), 0.545, 2 —> 4 

99 (postglenoid foramen), 0.500, 2 —> 3 

100 (optic foramen), 0.333, 0 —> 1 

111 (sphenopterygoid canal), 0.333, 0 —» 1 

114 (mastoid foramen), 0.429, 2 —> 3 

115 (skull shape), 1.000, 0 -H> 1 

116 (nasal), 0.444, 2 ^3 

118 (premaxilla size), 0.571, 3 —> 4 

124 (ventral projection of maxilla), 1.000, 0 => 1 

125 (zygomatic fossa), 1.000, 0 => 1 
131 (hard palate length), 0.500, 0 —> 1 


139 (posterior process of jugal), 1.000, 0 —> 1 

144 (anterior projection of frontal), 1.000, 0 => 1 

145 (postorbital process of frontal), 0.222, 0 —> 1 

147 (glenoid fossa shape), 0.800, 2 4 

152 (alisphenoid-parietal contact), 0.286, 0 —> 2 
154 (interparietal occurrence), 0.143, 0 —> 1 
176 (number of sacral vertebra), 0.500, 1 —> 2 
178 (acromion), 0.200, 0 —» 1 
191 (articular surface on femurs), 0.167, 1 —> 0 
194 (lesser trochanter orientation), 0.167, 1 —> 0 
215 (astragalonavicular facet), 1.000, 0 => 1 
219 (calcaneoastragalar facet), 0.500, 0 => 1 
221 (sustentaculum on calcaneus), 0.500, 0 => 1 


Node 58 —> node 57 

11 (di2 occurrence), 1.000, 2 => 1 
13 (DI2 size), 1.000, 2 => 1 
18 (13 position), 0.667, 1 => 2 
22 (incisor shape), 0.750, 2 => 1 
31 (P2 shape), 0.600, 1 => 3 
33 (p3 shape), 1.000, 2 => 3 
35 (P3 shape), 0.667, 1 => 3 
37 (p4 trigonid shape), 0.500. 2 —> 3 
39 (p4 talonid shape), 0.182, 0 —> 2 

44 (P4 lophs), 0.500, 1 => 2 

45 (P4 hypocone), 0.286, 0 => 2 

49 (upper tooth row size), 0.375, 0 => 2 

50 (cheek teeth height), 0.500. 1 => 3 
52 (lower tooth row size), 0.375, 1 => 2 

56 (upper molar protoloph), 0.571, 1 => 4 

57 (upper molar posteroloph), 0.571, I => 4 

58 (upper molar trigon), 0.500, 0 => 4 

59 (upper molar centrocrsta), 0.750, 2 => 3 

61 (upper molar protocone), 0.429, 1 => 2 

62 (upper molar conules), 0.300, 1 => 3 

63 (upper molar paracone and metacone), 0.667, 

1 => 6 

68 (hypoflexus), 0.600, 0 => 3 

70 (hypoflexid depth). 0.200, 0 => 1 

71 (ectolophid occurrence), 0.167, 0 => 1 

80 (lower molar talonid basin), 0.800, 0 => 4 
83 (m3 hypoconulid), 0.556, 1 —> 3 
116 (nasal), 0.444, 3 -> 4 
121 (fenestration of maxilla), 1.000, 0 => 1 

129 (anteroventral rim of orbit), 0.500, 0 -» 1 

130 (orbit floor), 0.500, 0 -> 1 

146 (supraorbital crest), 0.143, 0 —> 1 

199 (distal tibia-fibula), 0.333, 0 => 2 

201 (fibula size), 0.125, 0 => 1 

214 (astragalar neck length), 0.143, 0 => 1 

218 (calcaneofibular facet), 0.600, 1 => 2 

220 (calcanealoastragalar position), 0.167, 0 => 1 


Node 57 —> node 56 

94 (coronoid canal occurrence), 1.000, 0 => 1 
105 (foramen ovale), 0.333, 1 => 2 
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166 (distal internal carotid artery), 0.267, 1 —> 3 

167 (course of stapedial artery), 0.200, 1 —> 2 
177 (neck of scapula), 0.250, 0 => 1 

179 (greater tuberosity of hum), 0.250, 0 => I 

180 (entepicondylar foramen), 0.333, 0 => 1 
182 (supratrochlear foramen), 0.143, 0 => 1 

184 (posterior edge of proximal ulna), 0.125, 

0 => 1 

185 (central process of radial), 0.200, 0 => 1 


Node 56 —> node 55 

48 (M3 occurrence), 0.500, 0 => 1 
116 (nasal), 0.444, 4 -> 1 

129 (anteroventral rim of orbit), 0.500, 1 —> 0 

130 (orbit floor), 0.500, 1 —> 0 

139 (posterior process of jugal), 1.000, 1 => 2 

145 (postorbital process of frontal), 0.222, 1 —> 0 

146 (supraorbital crest), 0.143, 1 —» 0 

161 (internal septa of bullae), 0.600. 0 —> 1 
169 (facial nerve), 0.222, 0 —> 2 

194 (less trochanter orientation), 0.167, 0 —» 1 

195 (third trochanter size), 0.182, 1 —> 0 


Node 55 —> Ochotona 
161 (internal septa of bullae), 0.600, 1 —> 3 
166 (distal internal carotid artery), 0.267, 3 —> 4 
187 (distal articulation surface), 0.333, 1 => 0 


Node 55 —> Prolagus 

154 (interparietal occurrence), 0.143, 1 => 0 


Node 56 —> Lepus 

222 (calcaneus-navicular contact), 0.500, 0 => 1 


Node 58 —> Mimotona 

16 (i3 occurrence), 0.333, 1 —> 0 
84 (low diastema), 1.000, 2 => 1 
87 (number of mental foramen), 0.167, 0 => 1 
131 (hard palate length), 0.500, 1 —> 0 


Node 58 —> Mimolagus 
14 (dI2 surface), 0.500, 1 0 

196 (patellar trochlea), 0.125, 1 => 0 

197 (distal femur), 0.100, 1 —» 0 

210 (dorsal astragalar foramen), 0.250, 1 —> 0 
216 (cuboid facet on astragalus), 0.200, 0 => 1 
222 (calcaneus-navicular contact), 0.500, 0 => 1 


Node 81 —> node 80 

4 (upper diastema), 0.750, 2 —> 3 
17 (13 occurrence), 0.333, 0 => 1 


30 (P2 occurrence), 0.333, 0 => 1 
106 (dorsal palatine foramen), 0.500, 0 => 1 
108 (sphenopalatine foramen), 0.429, 0 => 1 
153 (hamulus-bulla contact), 0.500, 0 => 1 

166 (distal internal carotid artery), 0.267, 1 —> 4 

167 (course of stapedial artery), 0.200, 1 —> 0 
187 (distal articulation surface), 0.333, 1 —> 0 
203 (posterior process on distal tibia), 1.000, 

0 => 1 

217 (calcaneus width), 0.250, 1 => 0 

224 (medial tarsal sesamoid bone), 1.000, 0 => 1 


Node 80 -> node 61 

2 (enamel layer), 0.667, 0 => 1 
42 (P4 buccal cusp), 0.231, 2 => 1 
69 (mure occurrence), 0.200, 0 => 1 
93 (mandibular condyle shape), 0.500, 2 —* 0 
112 (sphenopalatine vacuity), 0.500, 1 —> 0 
114 (mastoid foramen), 0.429, 2 —> 1 
143 (jugal ventral process), 1.000, 0 —> 1 

155 (expansion of mastoid), 0.333, 0 —» 1 

156 (mastoid in skull roof), 1.000, 0 —> 1 
169 (facial nerve), 0.222, 0 —> 1 

185 (central process of radial), 0.200, 0 —> 1 
189 (centrale occurrence), 0.500, 0 —> 1 
208 (lateral process of astragalus), 0.200, 1 —» 0 
218 (calcaneofibular facet), 0.600, 1 => 0 


Node 61 -> node 60 

56 (upper molar protoloph), 0.571, 1 => 3 
62 (upper molar conules), 0.300, 1 => 0 
117 (premaxilla-frontal suture), 0.500, 0 —» 1 
142 (dorsal process of jugal), 0.667, 0 —> 1 
145 (postorbital process of frontal), 0.222, 0 —> 1 


Node 60 —> Eurymylus 

158 (bulla shape), 0.667. 1 => 2 

171 (tensor tympani muscle), 0.333, 0 => 2 


Node 60 -> node 59 

91 (masseteric fossa), 0.300, 0 => 1 

124 (ventral projection of maxilla), 1.000, 0 => 2 

125 (zygomatic fossa), 1.000, 0 => 2 


Node 59 —> Rhombomylus 

167 (course of stapedial artery), 0.200, 0 => 2 
202 (tibia malleolus), 0.286, 1 => 0 


Node 59 —> Matutinia 

42 (P4 buccal cusp), 0.231, 1 => 0 

44 (P4 lophs), 0.500, 0 => 1 

166 (distal internal carotid artery), 0.267, 4 —> 3 
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192 (great trochanter position), 0.167, 1 => 0 
213 (calcaneoastragalar), 0.143, 1 —> 0 


Node 80 —» node 79 

3 (enamel type), 0.600, 1 —> 0 

32 (p3 occurrence), 1.000, 0 => 1 

35 (P3 shape), 0.667, 1 2 

50 (cheek teeth height), 0.500, 1 => 0 

56 (upper molar protoloph), 0.571, 1 => 0 

61 (upper molar protocone), 0.429, 1 => 0 

74 (posterior wall of trigonid), 1.000, 1 => 2 

78 (lower molar metaconid), 0.286, 0 => 1 

79 (lower molar mesoconid), 0.333, 0 => 1 

80 (lower molar talonid basin), 0.800, 0 => 1 
83 (m3 hypoconulid), 0.556, 1 —> 2 

87 (number of mental foramen), 0.167, 0 —> 1 
91 (masseteric fossa), 0.300, 0 => 2 
99 (postglenoid foramen), 0.500, 2 —> 4 
151 (alisphenoid-frontal contact), 0.250, 0 —> 1 
159 (external auditory canal), 0.167, 1 —> 0 
186 (ulnar facet of radial head), 0.200, 1 —> 0 
188 (scaphoid and lunate fusion), 0.250, 0 —> 1 
195 (third trochanter size), 0.182, 1 —> 0 
197 (distal femur), 0.100, 1 —> 0 
225 (plantar process of navicular), 0.333, 1 —> 0 


Node 79 —» Sinomylus 

30 (P2 occurrence), 0.333, 1 => 0 

35 (P3 shape), 0.667, 2 -> 1 

42 (P4 buccal cusp), 0.231, 2 => 0 

62 (upper molar conules), 0.300, I => 0 

87 (number of mental foramen), 0.167, 1 —> 0 

116 (nasal), 0.444, 2 ^ 1 


Node 79 —» Tribosphenomys 

46 (molar labial cingulum), 0.500, 1 => 0 

57 (upper molar posteroloph), 0.571, 1 => 0 

58 (upper molar trigon), 0.500, 0 => 2 

77 (lower molar paraconid), 0.400, 2 => 1 
202 (tibia malleolus), 0.286, 1 => 0 
205 (lateral astragalar trochlea), 0.200, 0 => 1 
213 (calcaneoastragalar), 0.143, 1 —> 0 


Node 79 -> node 78 

2 (enamel layer), 0.667, 0 => 1 

3 (enamel type), 0.600, 0 —> 1 

39 (p4 talonid shape), 0.182, 0 => 1 
49 (upper tooth row size), 0.375, 0 => I 

53 (upper molar crown shape), 0.429, 1 => 2 

54 (upper cheek tooth precingulum), 0.600, 0 => 1 
60 (upper molar mesostyle), 0.143, 0 => 1 

69 (mure occurrence), 0.200, 0 => 1 
81 (lower molar entoconid), 0.333, 0 —» 1 
83 (m3 hypoconulid), 0.556, 2 —> 3 


90 (angular process position), 0.667, 0 => 1 
123 (anterior zygomatic root), 0.667, 1 => 2 


Node 78 —> Paramys 

90 (angular process position), 0.667, 1 => 0 

96 (incisive foramen), 0.545, 2 —> 1 

166 (distal internal carotid artery), 0.267, 4 => 1 

181 (radial fossa size), 0.167, 1 => 0 

188 (scaphoid and lunate fusion), 0.250, 1 => 0 

196 (patellar trochlea), 0.125, I => 0 

202 (tibia malleolus), 0.286, 1 => 0 

220 (calcanealoastragalar position), 0.167, 0 —> 1 


Node 78 —> Reithroparamys 

79 (lower molar mesoconid), 0.333, 1 => 0 
161 (internal septa of bullae), 0.600, 0 => 1 
168 (stapedial artery shielding), 0.500, 0 => 1 
172 (meato-cochlear bridge), 0.500, 0 => 1 

192 (great trochanter position), 0.167, 1 => 0 

193 (femoral neck length), 0.167, 0 => 1 
195 (third trochanter size), 0.182, 0 —> 1 
197 (distal femur), 0.100, 0 —> 1 


Node 78 node 76 

56 (upper molar protoloph), 0.571, 0 => 1 
62 (upper molar conules), 0.300, 1 => 0 
72 (upper molar metaloph), 0.500, 0 => i 

80 (lower molar talonid basin), 0.800, 1 => 2 

81 (lower molar entoconid), 0.333, 1 —> 0 

82 (lower molar hypolophid), 0.500, 0 —> 1 

154 (interparietal occurrence), 0.143, 0 => 1 
193 (femoral neck length), 0.167, 0 —> 1 
201 (fibula size), 0.125, 0 1 


Node 76 node 75 

3 (enamel type), 0.600, 1 => 3 
34 (P3 occurrence), 1.000, 0 => 1 
49 (upper tooth row size), 0.375, 1 -> 3 
60 (upper molar mesostyle), 0.143, 1 —> 0 
68 (hypoflexus), 0.600, 0 => 1 
70 (hypoflexid depth), 0.200, 0 => 1 

78 (lower molar metaconid), 0.286, I => 0 

79 (lower molar mesoconid), 0.333, 1 => 0 

98 (infraorbital foramen diameter), 0.800, 0 —> 2 
152 (alisphenoid-parietal contact), 0.286, 0 —> 2 
159 (external auditory canal), 0.167, 0 —> 1 
182 (supratrochlear foramen), 0.143, 0 => 1 
197 (distal femur), 0.100, 0 —> 1 


Node 75 —» node 63 

45 (P4 hypocone), 0.286, 0 => 2 
52 (lower tooth row size), 0.375, 1 => 0 
91 (masseteric fossa), 0.300, 2 -> 3 
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92 (incisor protuberance), 1.000, 0 => 1 

96 (incisive foramen), 0.545, 2 => 5 

97 (infraorbital canal length), 0.500, I => 2 
109 (posterior maxillary notch), 0.400, 0 => 1 
111 (sphenopterygoid canal), 0.333, 0 => 1 

114 (mastoid foramen), 0.429, 2 —> 0 
120 (transverse constriction o), 1.000, 0 => 1 
126 (Zygomatic plate), 1.000, 0 => 3 
140 (jugal size), 0.500, 0 => 1 

185 (central process of radial), 0.200, 0 —> 1 

186 (ulnar facet of radial head), 0.200, 0 —* 1 


Node 63 —> Paradjidaumo 

49 (upper tooth row size), 0.375, 3 —> 0 
60 (upper molar mesostyle), 0.143, 0 —> 1 
80 (lower molar talonid basin), 0.800, 2 —> 3 
108 (sphenopalatine foramen), 0.429, 1 => 2 

194 (lesser trochanter orientation), 0.167, 1 => 0 

195 (third trochanter size), 0.182, 0 —> 1 


Node 63 —> node 62 

38 (p4 protostylid occurrence), 1.000, 0 => 1 
41 (P4 size), 1.000, 0 => 1 
43 (P4 styles), 1.000, 0 => 1 
54 (upper cheek tooth precingulum), 0.600, 1 => 0 

56 (upper molar protoloph), 0.571, 1 => 2 

57 (upper molar posteroloph), 0.571, 1 => 2 

65 (lingual cusp to protocone), 1.000, 0 => 2 

66 (labial cusps to protoconid), 1.000, 0 => 2 
71 (ectolophid occurrence), 0.167, 0 => 1 

82 (lower molar hypolophid), 0.500, 1 —> 0 

83 (m3 hypoconulid), 0.556, 3 => 5 
105 (foramen ovale), 0.333, 1 => 2 

119 (premaxilla on rostrum), 0.667, I => 2 
134 (lacrimal projection), 1.000, 0 => 1 
138 (jugal-maxilla contact), 0.333, 0 —> 1 
199 (distal tibia-fibula), 0.333, 0 => 1 


Node 62 —> Florentiamys 

63 (upper molar paracone and metacone), 0.667, 
1 => 0 

100 (optic foramen), 0.333, 0 => 1 

152 (alisphenoid-parietal contact), 0.286, 2 => 1 


Node 62 —> Gregorymys 

39 (p4 talonid shape), 0.182, 1 => 2 

61 (upper molar protocone), 0.429, 0 => 1 

91 (masseteric fossa), 0.300, 3 —> 2 

99 (postglenoid foramen), 0.500, 4 => 3 

166 (distal internal carotid artery), 0.267, 4 => 3 


Node 75 -> node 74 

37 (p4 trigonid shape), 0.500, 2 —> 3 


39 (p4 talonid shape), 0.182, 1 0 

42 (P4 buccal cusp), 0.231, 2 —> 0 
53 (upper molar crown shape), 0.429, 2 => 3 
73 (lower molar trigonid), 0.400, 1 —> 2 

98 (infraorbital foramen diameter), 0.800, 2 —> 3 

99 (postglenoid foramen), 0.500, 4 —> 3 
169 (facial nerve), 0.222, 0 —> 2 

177 (neck of scapula), 0.250, 0 => 1 

180 (entepicondylar foramen), 0.333, 0 => 1 


Node 74 —» node 65 

36 (p4 occurrence), 1.000, 0 => 1 
40 (P4 occurrence), 1.000, 0 => 1 
52 (lower tooth row size), 0.375, 1 => 3 
56 (upper molar protoloph), 0.571, 1 => 0 

75 (ml anteroconid), 1.000, 0 —> 1 

76 (Ml anterocone), 1.000, 0 => 1 

82 (lower molar hypolophid), 0.500, 1 —» 0 
98 (infraorbital foramen diameter), 0.800, 3 —> 4 

101 (nasolacrimal), 1.000, 0 => 1 

102 (lacrimal foramen position), 0.400, 1 => 2 
126 (zygomatic plate), 1.000, 0 => 1 

166 (distal internal carotid artery), 0.267, 4 —> 3 

198 (proximal tibia-fibula), 0.333, 0 —> 1 

199 (distal tibia-fibula), 0.333, 0 -> 1 


Node 65 -» Cricetops 

73 (lower molar trigonid), 0.400, 2 —> 1 

152 (alisphenoid-parietal contact), 0.286, 2 —> {01} 

169 (facial nerve), 0.222, 2 —» 0 

Node 65 —» node 64 

57 (upper molar posteroloph), 0.571, 1 => 2 
63 (upper molar paracone and metacone), 0.667, 
1 => 3 

65 (lingual cusp to protocone), 1.000, 0 => 1 

66 (labial cusps to protoconid), 1.000, 0 => 1 
71 (ectolophid occurrence), 0.167, 0 => 1 

75 (ml anteroconid), 1.000, 1 —> 2 
78 (lower molar metaconid), 0.286, 0 => 1 
91 (masseteric fossa), 0.300, 2 => 3 
117 (premaxilla-frontal suture), 0.500, 0 => 1 
135 (lacrimal size), 0.667, 0 => 2 
140 (jugal size), 0.500, 0 => 1 


Node 64 —> Rattus 

169 (facial nerve), 0.222, 2 —> 1 

181 (radial fossa size), 0.167, 1 => 0 

182 (supratrochlear foramen), 0.143, 1 => 0 


Node 64 —> Mus 

178 (acromion), 0.200. 0 => 1 

214 (astragalar neck length), 0.143, 0 => 1 
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Node 74 —> node 73 

3 (enamel type), 0.600, 3 => 2 

49 (upper tooth row size), 0.375, 3 —> 1 

50 (cheek teeth height), 0.500, 0 => 1 

61 (upper molar protocone), 0.429, 0 => 1 

62 (upper molar conules), 0.300, 0 => 3 
72 (upper molar metaloph), 0.500, 1 —» 2 

80 (lower molar talonid basin), 0.800, 2 —> 3 

96 (incisive foramen), 0.545, 2 => 3 

114 (mastoid foramen), 0.429, 2 —> 3 

141 (jugal contribution to glenoid), 0.500, 0 —> 1 

157 (mastoid exposure on occiput), 0.500, 0 —> 1 

167 (course of stapedial artery), 0.200, 0 —> 2 

173 (round window position), 1.000, 0 —> 1 

195 (third trochanter size), 0.182, 0 —> 1 

197 (distal femur), 0.100, 1 —> 0 

205 (lateral astragalar trochlea), 0.200, 0 —> 1 

226 (metatarsal IV occurrence), 0.500, 0 —> 1 

227 (metatarsal V occurrence), 1.000, 0 —> 1 


Node 73 —> Tataromys 

68 (hypoflexus), 0.600, 1 => 2 

83 (m3 hypoconulid), 0.556, 3 => 4 

152 (alisphenoid-parietal contact), 0.286, 2 —> 0 

155 (expansion of mastoid), 0.333, 0 => 1 

202 (tibia malleolus), 0.286, 1 => 0 


Node 73 —> node 72 

39 (p4 talonid shape), 0.182, 0 —> 2 

42 (P4 buccal cusp), 0.231, 0 —> 3 

44 (P4 lophs), 0.500, 0 => 2 

54 (upper cheek tooth precingulum), 0.600, 1 => 2 

81 (lower molar entoconid), 0.333, 0 => 1 

90 (angular process position), 0.667, 1 => 2 

103 (nasolacrimal canal position), 1.000, 1 => 2 

118 (premaxilla size), 0.571, 3 —> 2 

132 (orbital wing of palatine), 1.000, 0 => 1 

150 (alisphenoid orbital process), 1.000, 0 => 1 

151 (alisphenoid-frontal contact), 0.250, 1 => 0 
154 (interparietal occurrence), 0.143, 1 —> 0 


Node 72 —> Tsaganomys 
13 (DI2 size), 1.000, 2 => 3 
22 (incisor shape), 0.750, 2 => 3 
49 (upper tooth row size), 0.375, 1 => 0 
61 (upper molar protocone), 0.429, 1 => 2 
64 (upper molar hypocone), 0.250, 1 => 0 

68 (hypoflexus), 0.600, 1 => 0 

69 (mure occurrence), 0.200, 1 => 0 

70 (hypoflexid depth), 0.200, 1 => 0 

72 (upper molar metaloph), 0.500, 2 —> 0 
96 (incisive foramen), 0.545, 3 => 6 

98 (infraorbital foramen diameter), 0.800, 3 —> 0 

99 (postglenoid foramen), 0.500, 3 —> 4 
105 (foramen ovale), 0.333, 1 => 2 


137 (lacrimal-jugal contact), 0.250, 1 => 0 
161 (internal septa of bullae), 0.600, 0 => 2 


Node 72 —> node 71 

45 (P4 hypocone), 0.286, 0 => 2 
53 (upper molar crown shape), 0.429, 3 —> 2 
58 (upper molar trigon), 0.500, 0 => 3 
67 (mesolophule occurrence), 1.000, 0 => 1 
78 (lower molar metaconid). 0.286, 0 —> 1 
82 (lower molar hypolophid), 0.500, I => 2 
91 (masseteric fossa), 0.300, 2 => 3 
106 (dorsal palatine foramen), 0.500, 1 —> 3 
108 (sphenopalatine foramen), 0.429, 1 —> 2 
111 (sphenopterygoid canal), 0.333, 0 —> 1 
119 (premaxilla on rostrum), 0.667, 1 => 2 
127 (orbit position), 0.500. 1 => 2 
138 (jugal-maxilla contact), 0.333, 0 => 1 
160 (opening of external audit), 0.333, 0 —> 1 
171 (tensor tympani muscle), 0.333, 0 —> 1 


Node 71 -> node 70 

50 (cheek teeth height), 0.500, 1 —> 2 

51 (upper tooth row positions), 0.333, 0 => 1 

54 (upper cheek tooth precingulum), 0.600, 2 => 3 
63 (upper molar paracone and metacone), 0.667, 
1 => 5 

78 (lower molar metaconid), 0.286, 1 —> 2 
102 (lacrimal foramen position), 0.400, 1 => 2 
116 (nasal), 0.444, 2 => 3 
118 (premaxilla size), 0.571, 2 —> 3 
147 (glenoid fossa shape), 0.800, 2 —> 3 


Node 70 —> node 67 

105 (foramen ovale), 0.333, 1 —> 2 
184 (posterior edge of proximal ulna), 0.125, 
0 => 1 

192 (great trochanter position), 0.167, 1 => 0 
196 (patellar trochlea), 0.125, 1 => 0 
202 (tibia malleolus), 0.286, 1 —> 0 


Node 67 —» node 66 

22 (incisor shape), 0.750, 2 => 3 

49 (upper tooth row size), 0.375, 1 => 0 

52 (lower tooth row size), 0.375, 1 => 0 

145 (postorbital process of frontal), 0.222, 0 => 1 

147 (glenoid fossa shape), 0.800, 3 —» 2 

171 (tensor tympani muscle), 0.333, 1 —> 2 

201 (fibula size), 0.125, 1 -» 0 

205 (lateral astragalar trochlea), 0.200, 1 —> 0 


Node 66 —> Incamys 

51 (upper tooth rows positions), 0.333, 1 => 0 
58 (upper molar trigon), 0.500, 3 => 0 
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71 (ectolophid occurrence), 0.167, 0 => 1 
78 (lower molar metaconid), 0.286, 2 —> 1 
155 (expansion of mastoid), 0.333, 0 => 1 
157 (mastoid exposure on occiput), 0.500, 1 => 0 


Node 66 —> Neoreomys 

104 (vacuity of nasolacrimal), 0.500, 0 => 1 


Node 67 —> Erethizon 

50 (cheek teeth height), 0.500, 2 —> {01 j 

91 (masseteric fossa), 0.300, 3 => 2 

135 (lacrimal size), 0.667, 0 => 1 

160 (opening of external audit), 0.333, 1 —> 0 

177 (neck of scapula), 0.250, 1 => 0 

182 (supratrochlear foramen), 0.143, 1 => 0 

191 (articular surface on femurs), 0.167, 1 => 0 

193 (femoral neck length), 0.167, I => 0 

200 (fibula-femur articulation), 0.500, 0 => 1 


Node 70 —> node 69 

53 (upper molar crown shape), 0.429, 2 —> 3 
88 (coronoid process), 0.667, 1 —> 3 
108 (sphenopalatine foramen), 0.429, 2 —> 3 
146 (supraorbital crest), 0.143, 0 => 1 
153 (hamulus-bulla contact), 0.500, 1 => 0 

212 (sustentacular facet contact), 0.333, 0 => 1 

213 (calcaneoastragalar), 0.143, 1 —> 0 

220 (calcanealoastragalar position), 0.167, 0 => 1 
225 (plantar process of navicular), 0.333, 0 => 1 


Node 69 —> Myocastor 

135 (lacrimal size), 0.667, 0 => 1 

160 (opening of external audit), 0.333, 1 —> 0 

195 (third trochanter size), 0.182, 1 => 2 

226 (metatarsal IV occurrence), 0.500, 1 —» 0 


Node 69 —> node 68 

71 (ectolophid occurrence), 0.167, 0 —> 1 
78 (lower molar metaconid), 0.286, 2 —> 1 
102 (lacrimal foramen position), 0.400, 2 => 0 
104 (vacuity of nasolacrimal), 0.500, 0 => 1 
136 (lacrimal facial process), 0.333, 1 => 0 
171 (tensor tympani muscle), 0.333, 1 —> 2 

178 (acromion), 0.200, 0 => 1 

179 (greater tuberosity), 0.250, 0 => 1 

185 (central process of radial), 0.200, 0 => 1 
197 (distal femur), 0.100, 0 —» 1 


Node 68 Cavia 

186 (ulnar facet of radial head), 0.200, 0 => 1 


Node 68 — > Dasyprocta 

51 (upper tooth row positions), 0.333, 1 => 0 

88 (coronoid process), 0.667, 3 —» 1 

96 (incisive foramen), 0.545, 3 => 1 

100 (optic foramen), 0.333, 0 => 1 

107 (supraorbital foramen), 0.333, 0 => 1 

108 (sphenopalatine foramen), 0.429, 3 —> 2 
113 (supraorbital notch), 0.500, 0 => 2 

145 (postorbital process of frontal), 0.222, 0 => I 
184 (posterior edge of proximal ulna), 0.125, 

0 => 1 

198 (proximal tibia-fibula), 0.333, 0 => 1 

208 (lateral process of astragalus), 0.200, 1 => 0 

213 (calcaneoastragalar), 0.143, 0 —> 1 


Node 71 —> Paraphiomys 

52 (lower tooth row size), 0.375, 1 => 0 
154 (interparietal occurrence), 0.143, 0 —> 1 


Node 76 —> Sciuravus 

45 (P4 hypocone), 0.286, 0 => 1 

77 (lower molar paraconid), 0.400, 2 => 0 

96 (incisive foramen), 0.545, 2 => 1 

166 (distal internal carotid artery), 0.267, 4 —> 1 

181 (radial fossa size), 0.167, 1 => 0 

214 (astragalar neck length), 0.143, 0 => 1 


Node 78 —> Cocomys 

39 (p4 talonid shape), 0.182. 1 => 0 

42 (P4 buccal cusp), 0.231, 2 => 0 

69 (mure occurrence), 0.200, 1 => 0 

87 (number of mental foramen), 0.167, 1 => 0 

91 (masseteric fossa), 0.300, 2 => 1 

106 (dorsal palatine foramen), 0.500, 1 => 0 

154 (interparietal occurrence), 0.143, 0 => 1 

166 (distal internal carotid artery), 0.267, 4 —> 1 


Node 78 -> node 77 

3 (enamel type), 0.600, 1 => 3 

60 (upper molar mesostyle), 0.143, 1 => 0 

62 (upper molar conules), 0.300, 1 => 0 

91 (masseteric fossa), 0.300, 2 => 3 

96 (incisive foramen), 0.545, 2 => 1 

98 (infraorbital foramen diameter), 0.800, 0 => 1 

109 (posterior maxillary notch), 0.400, 0 —> 1 

113 (supraorbital notch), 0.500, 0 => 1 

126 (zygomatic plate), 1.000, 0 => 2 

137 (lacrimal-jugal contact), 0.250, 1 => 0 

145 (postorbital process of frontal), 0.222, 0 => 1 

146 (supraorbital crest), 0.143, 0 => 1 

152 (alisphenoid-parietal contact), 0.286, 0 —» 1 
159 (external auditory canal), 0.167, 0 —» 1 
161 (internal septa of bullae), 0.600. 0 => 1 
167 (course of stapedial artery), 0.200, 0 => 1 
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168 (stapedial artery shielding), 0.500, 0 => 1 

169 (facial nerve), 0.222, 0 => 2 

171 (tensor tympani muscle), 0.333, 0 => 1 

172 (meato-cochlear bridge), 0.500, 0 => 1 
196 (patellar trochlea), 0.125, 1 => 0 

201 (fibula size), 0.125, 0 => 1 

Node 77 —> Sciurus 

181 (radial fossa size), 0.167, 1 => 0 

194 (less trochanter orientation), 0.167, 1 => 0 

212 (sustentacular facet contact), 0.333, 0 => 1 

213 (calcaneoastragalar), 0.143, 1 => 0 

220 (calcanealoastragalar position), 0.167, 0 => 1 


Node 77 —» Marmota 

106 (dorsal palatine foramen), 0.500, 1 => 0 
108 (sphenopalatine foramen), 0.429, 1 => 0 
180 (entepicondylar foramen), 0.333, 0 => 1 
184 (posterior edge of proximal ulna), 0.125, 
0 => 1 


Node 84 —» node 83 

10 (II size), 0.500, 0 1 

35 (P3 shape), 0.667, 0 => 4 
45 (P4 hypocone), 0.286, 0 => 2 

47 (m3 occurrence), 1.000, 0 => 1 

48 (M3 occurrence), 0.500, 0 => 1 

53 (upper molar crown shape), 0.429, 1 => 3 
57 (upper molar posteroloph), 0.571, 1 => 3 

62 (upper molar conules), 0.300, 1 —> 0 

63 (upper molar paracone and metacone), 0.667, 
1 -> 4 

68 (hypoflexus), 0.600, 0 —» 1 
72 (upper molar metaloph), 0.500, 0 => 1 
83 (m3 hypoconulid), 0.556, 1 —> 3 
88 (coronoid process), 0.667, 0 => 2 
93 (mandibular condyle shape), 0.500, 1 => 0 
109 (posterior maxillary notch), 0.400, 0 => 2 
118 (premaxilla size), 0.571, 0 => 1 
122 (antorbital fossa), 0.667, 0 => 2 
147 (glenoid fossa shape), 0.800, 0 => 1 

162 (alisphenoid contribution) , 1.000, 0 => 1 

163 (ectotympanic contribution), 0.500, 2 => 1 
165 (petrosal contribution), 0.667, 0 => 1 

179 (greater tuberosity), 0.250, 0 => 1 

198 (proximal tibia-fibula), 0.333, 0 => 1 

199 (distal tibia-fibula), 0.333, 0 => 2 

200 (fibula-femur articulation), 0.500, 0 => 1 

201 (fibula size), 0.125, 0 -H> 1 

202 (tibia malleolus), 0.286, 1 —> 2 

205 (lateral astragalar trochlea), 0.200, 0 —> 1 

211 (sustentacular facet), 0.500, 0 => 1 

216 (cuboid facet on astragalus), 0.200, 0 => 1 

218 (calcaneofibular facet), 0.600, 1 => 3 

219 (calcaneoastragalar facet) , 0.500, 0 => 2 
223 (cuboid length), 0.333, 0 => 1 


Node 83 —> Petrodromus 

23 (upper canine occurrence), 0.500, 0 => 1 

95 (mandibular foramen position), 0.250, 1 —» 0 

97 (infraorbital canal length), 0.500, 0 => 1 

169 (facial nerve), 0.222, 0 => 2 

177 (neck of scapula), 0.250, 0 => 1 

183 (ulna-radia connection), 0.500, 0 => 1 

193 (femoral neck length), 0.167, 0 => 1 


Node 83 —> Rhynchocyon 

9 (II occurrence), 0.250, 0 => 1 

24 (upper canine roots), 0.250, 1 => 0 

113 (supraorbital notch), 0.500, 0 => 1 

146 (supraorbital crest), 0.143, 0 => 1 

151 (alisphenoid-frontal contact), 0.250, 0 —> 1 

159 (external auditory canal), 0.167, 1 —> 0 

186 (ulnar facet of radial head), 0.200, 1 —» 0 

188 (scaphoid and lunate fusion), 0.250, 0 —» 1 

195 (third trochanter size), 0.182, 1 —> 0 

197 (distal femur), 0.100, 1 —> 0 

225 (plantar process of navicular), 0.333, 1 —> 0 


Node 79 —> Sinomylus 

30 (P2 occurrence), 0.333, 1 => 0 

35 (P3 shape), 0.667, 2 1 

42 (P4 buccal cusp), 0.231. 2 => 0 

62 (upper molar conules), 0.300, 1 => 0 

87 (number of mental foramen), 0.167, 1 —> 0 

116 (nasal), 0.444, 2 ^ 1 


Node 79 —> Tribosphenomys 

46 (molar labial cingulum), 0.500, 1 => 0 

57 (upper molar posteroloph), 0.571, 1 => 0 

58 (upper molar trigon), 0.500, 0 => 2 

77 (lower molar paraconid), 0.400, 2 => 1 
202 (tibia malleolus), 0.286, 1 => 0 
205 (lateral astragalar trochlea), 0.200, 0 => 1 
213 (calcaneoastragalar), 0.143, 1 —> 0 


Node 79 node 78 

2 (enamel layer), 0.667, 0 => 1 

3 (enamel type), 0.600, 0 —> 1 

39 (p4 talonid shape), 0.182, 0 => 1 
49 (upper tooth row size), 0.375, 0 => 1 

53 (upper molar crown shape), 0.429, 1 => 2 

54 (upper cheek tooth precingulum), 0.600, 0 => 1 
60 (upper molar mesostyle), 0.143, 0 => 1 

69 (mure occurrence), 0.200, 0 => I 
81 (lower molar entoconid), 0.333, 0 —> 1 
83 (m3 hypoconulid), 0.556, 2 —> 3 
90 (angular process position), 0.667, 0 => 1 
123 (anterior zygomatic root), 0.667, 1 => 2 
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Node 78 —> Paramys 

90 (angular process position), 0.667, 1 => 0 

96 (incisive foramen), 0.545, 2 —> 1 

166 (distal internal carotid artery), 0.267, 4 => 1 

181 (radial fossa size), 0.167, 1 => 0 

188 (scaphoid and lunate fusion), 0.250, 1 => 0 

196 (patellar trochlea), 0.125, 1 => 0 

202 (tibia malleolus), 0.286, 1 => 0 

220 (calcanealoastragalar position), 0.167, 0 —» 1 


Node 78 —> Reithroparamys 

79 (lower molar mesoconid), 0.333, 1 => 0 
161 (internal septa of bullae), 0.600, 0 => 1 
168 (stapedial artery shielding), 0.500, 0 => 1 
172 (meato-cochlear bridge), 0.500, 0 => 1 

192 (great trochanter position), 0.167, 1 => 0 

193 (femoral neck length), 0.167, 0 => 1 
195 (third trochanter size), 0.182, 0 —> 1 
197 (distal femur), 0.100, 0 —» 1 


Node 78 —> node 76 

56 (upper molar protoloph), 0.571, 0 => 1 
62 (upper molar conules), 0.300, 1 => 0 
72 (upper molar metaloph), 0.500, 0 => 1 

80 (lower molar talonid basin), 0.800, 1 => 2 

81 (lower molar entoconid), 0.333, 1 —> 0 

82 (lower molar hypolophid), 0.500, 0 —» 1 
154 (interparietal occurrence), 0.143, 0 => 1 
193 (femoral neck length), 0.167, 0 —> 1 
201 (fibula size), 0.125, 0 ^ 1 


Node 76 —» node 75 

3 (enamel type), 0.600, 1 => 3 
34 (P3 occurrence), 1.000, 0 => 1 
49 (upper tooth row size), 0.375, 1 —> 3 
60 (upper molar mesostyle), 0.143, 1 -H> 0 
68 (hypoflexus), 0.600, 0 => 1 
70 (hypoflexid depth), 0.200, 0 => 1 

78 (lower molar metaconid), 0.286, 1 => 0 

79 (lower molar mesoconid), 0.333, 1 => 0 

98 (infraorbital foramen diameter), 0.800, 0 —> 2 
152 (alisphenoid-parietal contact), 0.286, 0 —> 2 
159 (external auditory canal), 0.167, 0 —» 1 
182 (supratrochlear foramen), 0.143, 0 => 1 
197 (distal femur), 0.100, 0 —> 1 


Node 75 —> node 63 

45 (P4 hypocone), 0.286, 0 => 2 
52 (lower tooth row size), 0.375, 1 => 0 

91 (masseteric fossa), 0.300, 2 —> 3 

92 (incisor protuberance), 1.000, 0 => 1 

96 (incisive foramen), 0.545, 2 => 5 

97 (infraorbital canal length), 0.500, I => 2 
109 (posterior maxillary notch), 0.400, 0 => 1 


111 (sphenopterygoid canal), 0.333, 0 => 1 
114 (mastoid foramen), 0.429, 2 —> 0 
120 (transverse constriction o), 1.000, 0 => 1 
126 (Zygomatic plate), 1.000, 0 => 3 
140 (jugal size), 0.500, 0 => 1 

185 (central process of radial), 0.200, 0 —> 1 

186 (ulnar facet of radial head), 0.200, 0 —> 1 


Node 63 —> Paradjidaumo 

49 (upper tooth row size), 0.375, 3 —* 0 
60 (upper molar mesostyle), 0.143, 0 —> 1 
80 (lower molar talonid basin), 0.800, 2 —> 3 
108 (sphenopalatine foramen), 0.429, 1 => 2 

194 (lesser trochanter orientation), 0.167, 1 => 0 

195 (third trochanter size), 0.182, 0 —» 1 


Node 63 node 62 

38 (p4 protostylid occurrence), 1.000, 0 => 1 
41 (P4 size), 1.000, 0 => 1 
43 (P4 styles), 1.000, 0 => 1 
54 (upper cheek tooth precingulum), 0.600, I => 0 

56 (upper molar protoloph), 0.571, 1 => 2 

57 (upper molar posteroloph), 0.571, 1 => 2 

65 (lingual cusp to protocone), 1.000, 0 => 2 

66 (labial cusps to protoconid), 1.000, 0 => 2 
71 (ectolophid occurrence), 0.167, 0 => 1 

82 (lower molar hypolophid), 0.500, 1 —> 0 

83 (m3 hypoconulid), 0.556, 3 => 5 
105 (foramen ovale), 0.333, 1 => 2 

119 (premaxilla on rostrum), 0.667, 1 => 2 
134 (lacrimal projection), 1.000, 0 => 1 
138 (jugal-maxilla contact), 0.333, 0 —> 1 
199 (distal tibia-fibula), 0.333, 0 => 1 


Node 62 —> Florentiamys 

63 (upper molar paracone and metacone), 0.667, 
1 => 0 

100 (optic foramen), 0.333, 0 => 1 

152 (alisphenoid-parietal contact), 0.286, 2 => 1 


Node 62 —> Gregorymys 

39 (p4 talonid shape), 0.182. I => 2 

61 (upper molar protocone), 0.429, 0 => 1 

91 (masseteric fossa), 0.300, 3 —> 2 

99 (postglenoid foramen), 0.500, 4 => 3 

166 (distal internal carotid artery), 0.267, 4 => 3 


Node 75 —» node 74 

37 (p4 trigonid shape), 0.500, 2 -» 3 
39 (p4 talonid shape), 0.182, I —i> 0 
42 (P4 buccal cusp), 0.231, 2 —> 0 
53 (upper molar crown shape), 0.429, 2 => 3 
73 (lower molar trigonid), 0.400, 1 —> 2 
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98 (infraorbital foramen diameter), 0.800, 2 —> 3 

99 (postglenoid foramen), 0.500, 4 —> 3 
169 (facial nerve), 0.222, 0 —> 2 

177 (neck of scapula), 0.250, 0 => 1 

180 (entepicondylar foramen), 0.333, 0 => 1 


Node 74 —> node 65 

36 (p4 occurrence), 1.000, 0 => 1 
40 (P4 occurrence), 1.000, 0 => 1 
52 (lower tooth row size), 0.375, 1 => 3 
56 (upper molar protoloph), 0.571, 1 => 0 

75 (ml anteroconid), 1.000, 0 —> 1 

76 (Ml anterocone), 1.000, 0 => 1 

82 (lower molar hypolophid), 0.500, 1 —> 0 
98 (infraorbital foramen diameter), 0.800, 3 —> 4 

101 (nasolacrimal), 1.000, 0 => 1 

102 (lacrimal foramen position), 0.400, 1 => 2 
126 (zygomatic plate), 1.000, 0 => 1 

166 (distal internal carotid artery), 0.267, 4 —> 3 

198 (proximal tibia-fibula), 0.333, 0 —> 1 

199 (distal tibia-fibula), 0.333, 0 -> 1 


Node 65 —» Cricetops 
73 (lower molar trigonid), 0.400, 2 1 

152 (alisphenoid-parietal contact), 0.286, 

2 —> { 01 } 

169 (facial nerve), 0.222, 2 —> 0 


Node 65 —> node 64 

57 (upper molar posteroloph), 0.571, 1 => 2 
63 (upper molar paracone and metacone), 0.667, 
1 => 3 

65 (lingual cusp to protocone), 1.000, 0 => 1 

66 (labial cusps to protoconid), 1.000, 0 => 1 
71 (ectolophid occurrence), 0.167, 0 => 1 

75 (ml anteroconid), 1.000, 1 —> 2 

78 (lower molar metaconid), 0.286, 0 => 1 

91 (masseteric fossa), 0.300, 2 => 3 

117 (premaxilla-frontal suture), 0.500, 0 => 1 

135 (lacrimal size), 0.667, 0 => 2 

140 (jugal size), 0.500, 0 => 1 


Node 64 —» Rattus 

169 (facial nerve), 0.222, 2 —> 1 

181 (radial fossa size), 0.167, 1 => 0 

182 (supratrochlear foramen), 0.143, 1 => 0 


Node 64 —» Mus 

178 (acromion), 0.200, 0 => 1 

214 (astragalar neck length), 0.143, 0 => 1 


Node 74 —> node 73 

3 (enamel type), 0.600, 3 => 2 

49 (upper tooth row size), 0.375, 3 —> 1 

50 (cheek teeth height), 0.500, 0 => 1 

61 (upper molar protocone), 0.429, 0 => 1 

62 (upper molar conules), 0.300, 0 => 3 
72 (upper molar metaloph), 0.500, 1 —> 2 

80 (lower molar talonid basin), 0.800, 2 —> 3 

96 (incisive foramen), 0.545, 2 => 3 

114 (mastoid foramen), 0.429, 2 —> 3 

141 (jugal contribution to glenoid), 0.500, 0 —> 1 

157 (mastoid exposure on occiput), 0.500, 0 —> 1 

167 (course of stapedial artery), 0.200, 0 —> 2 

173 (round window position), 1.000, 0 —» 1 

195 (third trochanter size), 0.182, 0 —> 1 

197 (distal femur), 0.100, 1 —» 0 

205 (lateral astragalar trochlea), 0.200, 0 —> 1 

226 (metatarsal IV occurrence), 0.500, 0 —> 1 

227 (metatarsal V occurrence), 1.000, 0 —> 1 


Node 73 —> Tataromys 

68 (hypoflexus), 0.600, 1 => 2 

83 (m3 hypoconulid), 0.556, 3 => 4 

152 (alisphenoid-parietal contact), 0.286, 2 —> 0 

155 (expansion of mastoid), 0.333, 0 => 1 

202 (tibia malleolus), 0.286, 1 => 0 


Node 73 —> node 72 

39 (p4 talonid shape), 0.182, 0 —> 2 

42 (P4 buccal cusp), 0.231, 0 —> 3 

44 (P4 lophs), 0.500, 0 => 2 

54 (upper cheek tooth precingulum), 0.600, 1 => 2 

81 (lower molar entoconid), 0.333, 0 => 1 

90 (angular process position), 0.667, 1 => 2 

103 (nasolacrimal canal position), 1.000, 1 => 2 

118 (premaxilla size), 0.571, 3 —> 2 

132 (orbital wing of palatine), 1.000, 0 => 1 

150 (alisphenoid orbital process), 1.000, 0 => 1 

151 (alisphenoid-frontal contact), 0.250, 1 => 0 
154 (interparietal occurrence), 0.143, 1 —> 0 


Node 72 —» Tsaganomys 
13 (DI2 size), 1.000, 2 => 3 
22 (incisor shape), 0.750, 2 => 3 
49 (upper tooth row size), 0.375, 1 => 0 
61 (upper molar protocone), 0.429, 1 => 2 
64 (upper molar hypocone), 0.250, 1 => 0 

68 (hypoflexus), 0.600, 1 => 0 

69 (mure occurrence), 0.200, I => 0 

70 (hypoflexid depth), 0.200, 1 => 0 

72 (upper molar metaloph), 0.500, 2 —> 0 
96 (incisive foramen), 0.545, 3 => 6 

98 (infraorbital foramen diameter), 0.800, 3 —> 0 

99 (postglenoid foramen), 0.500, 3 —> 4 
105 (foramen ovale), 0.333, 1 => 2 
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137 (lacrimal-jugal contact), 0.250, 1 => 0 
161 (internal septa of bullae), 0.600, 0 => 2 


Node 72 —> node 71 

45 (P4 hypocone), 0.286, 0 => 2 
53 (upper molar crown shape), 0.429, 3 —> 2 
58 (upper molar trigon), 0.500, 0 => 3 
67 (mesolophule occurrence), 1.000, 0 => 1 
78 (lower molar metaconid), 0.286, 0 —> 1 
82 (lower molar hypolophid), 0.500, 1 => 2 
91 (masseteric fossa), 0.300, 2 => 3 
106 (dorsal palatine foramen), 0.500, 1 —> 3 
108 (sphenopalatine foramen), 0.429, 1 —> 2 
111 (sphenopterygoid canal), 0.333, 0 —> 1 
119 (premaxilla on rostrum), 0.667, I => 2 
127 (orbit position), 0.500, 1 => 2 
138 (jugal-maxilla contact), 0.333, 0 => 1 
160 (opening of external audit), 0.333, 0 —» 1 
171 (tensor tympani muscle), 0.333, 0 —» 1 


Node 71 -> node 70 

50 (cheek teeth height), 0.500, 1 —> 2 

51 (upper tooth row positions), 0.333, 0 => 1 

54 (upper cheek tooth precingulum), 0.600, 2 => 3 
63 (upper molar paracone and metacone), 0.667, 
1 => 5 

78 (lower molar metaconid), 0.286, 1 —> 2 
102 (lacrimal foramen position), 0.400, 1 => 2 
116 (nasal), 0.444, 2 => 3 
118 (premaxilla size), 0.571, 2 —> 3 
147 (glenoid fossa shape), 0.800, 2 —> 3 


Node 70 node 67 

105 (foramen ovale), 0.333, 1 —> 2 
184 (posterior edge of proximal ulna), 0.125, 
0 => 1 

192 (great trochanter position), 0.167, 1 => 0 
196 (patellar trochlea), 0.125, 1 => 0 
202 (tibia malleolus), 0.286, 1 —» 0 


Node 67 —> node 66 

22 (incisor shape), 0.750, 2 => 3 

49 (upper tooth row size), 0.375, 1 => 0 

52 (lower tooth row size), 0.375, 1 => 0 

145 (postorbital process of frontal), 0.222, 0 => 1 

147 (glenoid fossa shape), 0.800, 3 —> 2 

171 (tensor tympani muscle), 0.333, 1 —> 2 

201 (fibula size), 0.125, 1 0 

205 (lateral astragalar trochlea), 0.200, 1 —» 0 


Node 66 —> Incamys 

51 (upper tooth rows positions), 0.333, 1 => 0 
58 (upper molar trigon), 0.500, 3 => 0 


71 (ectolophid occurrence), 0.167, 0 => 1 
78 (lower molar metaconid), 0.286, 2 —» 1 
155 (expansion of mastoid), 0.333, 0 => 1 
157 (mastoid exposure on occiput), 0.500, 1 => 0 

Node 66 —> Neoreomys 

104 (vacuity of nasolacrimal), 0.500, 0 => 1 


Node 67 —> Erethizon 

50 (cheek teeth height), 0.500, 2 —> {01 j 

91 (masseteric fossa), 0.300, 3 => 2 

135 (lacrimal size), 0.667, 0 => 1 

160 (opening of external audit), 0.333, 1 —> 0 

177 (neck of scapula), 0.250, 1 => 0 

182 (supratrochlear foramen), 0.143, 1 => 0 

191 (articular surface on femurs), 0.167, 1 => 0 

193 (femoral neck length), 0.167, 1 => 0 

200 (fibula-femur articulation), 0.500, 0 => 1 


Node 70 node 69 

53 (upper molar crown shape), 0.429, 2 —> 3 
88 (coronoid process), 0.667, 1 —> 3 
108 (sphenopalatine foramen), 0.429, 2 —> 3 
146 (supraorbital crest), 0.143, 0 => 1 
153 (hamulus-bulla contact), 0.500, 1 => 0 

212 (sustentacular facet contact), 0.333, 0 => 1 

213 (calcaneoastragalar), 0.143, 1 —> 0 

220 (calcanealoastragalar position), 0.167, 0 => 1 
225 (plantar process of navicular), 0.333, 0 => 1 


Node 69 —> Myocastor 

135 (lacrimal size), 0.667, 0 => 1 

160 (opening of external audit), 0.333, 1 —» 0 

195 (third trochanter size), 0.182, 1 => 2 

226 (metatarsal IV occurrence), 0.500, 1 —» 0 


Node 69 —» node 68 

71 (ectolophid occurrence), 0.167, 0 —> 1 
78 (lower molar metaconid), 0.286, 2 —> 1 
102 (lacrimal foramen position), 0.400, 2 => 0 
104 (vacuity of nasolacrimal), 0.500, 0 => 1 
136 (lacrimal facial process), 0.333, 1 => 0 
171 (tensor tympani muscle), 0.333, 1 —> 2 

178 (acromion), 0.200, 0 => 1 

179 (greater tuberosity), 0.250, 0 => 1 

185 (central process of radial), 0.200, 0 => 1 
197 (distal femur), 0.100, 0 —» 1 


Node 68 —> Cavia 

186 (ulnar facet of radial head), 0.200, 0 => 1 


Node 68 —> Dasyprocta 

51 (upper tooth row positions), 0.333, 1 => 0 
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88 (coronoid process), 0.667, 3 —> 1 
96 (incisive foramen), 0.545, 3 => 1 
100 (optic foramen), 0.333, 0 => i 

107 (supraorbital foramen), 0.333, 0 => 1 

108 (sphenopalatine foramen), 0.429, 3 —> 2 
113 (supraorbital notch), 0.500, 0 => 2 

145 (postorbital process of frontal), 0.222, 0 => 1 
184 (posterior edge of proximal ulna), 0.125, 

0 => 1 

198 (proximal tibia-fibula), 0.333, 0 => 1 

208 (lateral process of astragalus), 0.200, 1 => 0 

213 (calcaneoastragalar), 0.143, 0 —> 1 


Node 71 —» Paraphiomys 

52 (lower tooth row size), 0.375, 1 => 0 
154 (interparietal occurrence), 0.143, 0 —> 1 


Node 76 —» Sciuravus 

45 (P4 hypocone), 0.286, 0 => 1 

77 (lower molar paraconid), 0.400, 2 => 0 

96 (incisive foramen), 0.545, 2 => 1 

166 (distal internal carotid artery), 0.267, 4 —> 1 

181 (radial fossa size), 0.167, 1 => 0 

214 (astragalar neck length), 0.143, 0 => 1 


Node 78 —» Cocomys 

39 (p4 talonid shape), 0.182, 1 => 0 

42 (P4 buccal cusp), 0.231, 2 => 0 

69 (mure occurrence), 0.200, 1 => 0 

87 (number of mental foramen), 0.167, 1 => 0 

91 (masseteric fossa), 0.300, 2 => 1 

106 (dorsal palatine foramen), 0.500, 1 => 0 

154 (interparietal occurrence), 0.143, 0 => 1 

166 (distal internal carotid artery), 0.267, 4 —> 1 


Node 78 -» node 77 

3 (enamel type), 0.600, 1 => 3 

60 (upper molar mesostyle), 0.143, 1 => 0 

62 (upper molar conules), 0.300, 1 => 0 

91 (masseteric fossa), 0.300, 2 => 3 

96 (incisive foramen), 0.545, 2 => 1 

98 (infraorbital foramen diameter), 0.800, 0 => 1 

109 (posterior maxillary notch), 0.400, 0 —> 1 

113 (supraorbital notch), 0.500, 0 => 1 

126 (zygomatic plate), 1.000, 0 => 2 

137 (lacrimal-jugal contact), 0.250, 1 => 0 

145 (postorbital process of frontal), 0.222, 0 => 1 

146 (supraorbital crest), 0.143, 0 => 1 

152 (alisphenoid-parietal contact), 0.286, 0 —» 1 
159 (external auditory canal), 0.167, 0 —> 1 
161 (internal septa of bullae), 0.600, 0 => 1 

167 (course of stapedial artery), 0.200, 0 => 1 

168 (stapedial artery shielding), 0.500, 0 => 1 

169 (facial nerve), 0.222, 0 => 2 


171 (tensor tympani muscle), 0.333, 0 => 1 

172 (meato-cochlear bridge), 0.500, 0 => 1 
196 (patellar trochlea), 0.125, I => 0 

201 (fibula size), 0.125, 0 => 1 


Node 77 —> Sciurus 

181 (radial fossa size), 0.167, 1 => 0 

194 (less trochanter orientation), 0.167, 1 => 0 

212 (sustentacular facet contact), 0.333, 0 => 1 

213 (calcaneoastragalar), 0.143, 1 => 0 

220 (calcanealoastragalar position), 0.167, 0 => 1 


Node 77 —> Marmota 

106 (dorsal palatine foramen), 0.500, 1 => 0 
108 (sphenopalatine foramen), 0.429, 1 => 0 
180 (entepicondylar foramen), 0.333, 0 => 1 
184 (posterior edge of proximal ulna), 0.125, 
0 => 1 


Node 84 —> node 83 

10 (II size), 0.500, 0 1 

35 (P3 shape), 0.667, 0 => 4 
45 (P4 hypocone), 0.286, 0 => 2 

47 (m3 occurrence), 1.000, 0 => 1 

48 (M3 occurrence), 0.500, 0 => 1 

53 (upper molar crown shape), 0.429, 1 => 3 
57 (upper molar posteroloph), 0.571, 1 => 3 

62 (upper molar conules), 0.300, 1 —> 0 

63 (upper molar paracone and metacone), 0.667, 
1 -> 4 

68 (hypoflexus), 0.600, 0 —> 1 
72 (upper molar metaloph), 0.500, 0 => 1 
83 (m3 hypoconulid), 0.556, 1 —> 3 
88 (coronoid process), 0.667, 0 => 2 
93 (mandibular condyle shape), 0.500, I => 0 
109 (posterior maxillary notch), 0.400, 0 => 2 
118 (premaxilla size), 0.571, 0 => 1 
122 (antorbital fossa), 0.667, 0 => 2 
147 (glenoid fossa shape), 0.800, 0 => 1 

162 (alisphenoid contribution) , 1.000, 0 => 1 

163 (ectotympanic contribution), 0.500, 2 => 1 
165 (petrosal contribution), 0.667, 0 => 1 

179 (greater tuberosity), 0.250, 0 => 1 

198 (proximal tibia-fibula), 0.333, 0 => 1 

199 (distal tibia-fibula), 0.333, 0 => 2 

200 (fibula-femur articulation), 0.500, 0 => 1 

201 (fibula size), 0.125, 0 1 

202 (tibia malleolus), 0.286, 1 —> 2 

205 (lateral astragalar trochlea), 0.200, 0 —> 1 

211 (sustentacular facet), 0.500, 0 => 1 

216 (cuboid facet on astragalus), 0.200, 0 => 1 

218 (calcaneofibular facet), 0.600, 1 => 3 

219 (calcaneoastragalar facet) , 0.500, 0 => 2 
223 (cuboid length), 0.333, 0 => 1 
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Node 83 —> Petrodromus 

23 (upper canine occurrence), 0.500, 0 => 1 

95 (mandibular foramen position), 0.250, 1 —> 0 

97 (infraorbital canal length), 0.500, 0 => 1 

169 (facial nerve), 0.222. 0 => 2 

177 (neck of scapula), 0.250, 0 => 1 

183 (ulna-radia connection), 0.500, 0 => 1 

193 (femoral neck length), 0.167, 0 => 1 


Node 83 —> Rhynchocyon 

9 (II occurrence), 0.250, 0 => 1 

24 (upper canine roots), 0.250, 1 => 0 

113 (supraorbital notch), 0.500, 0 => 1 

146 (supraorbital crest), 0.143, 0 => 1 

151 (alisphenoid-frontal contact), 0.250, 0 => 1 

166 (distal internal carotid artery), 0.267, 1 —> 2 

184 (posterior edge of proximal ulna), 0.125, 

0 => 1 

191 (articular surface on femurs), 0.167, 1 => 0 
195 (third trochanter size), 0.182, 0 —» 1 


Node 91 —> node 90 

52 (lower tooth row size), 0.375, 0 => 1 
151 (alisphenoid-frontal contact), 0.250, 0 => 1 

181 (radial fossa size), 0.167, 1 => 0 

182 (supratrochlear foramen), 0.143, 1 => 0 
191 (articular surface on femurs), 0.167, 1 => 0 
212 (sustentacular facet contact), 0.333, 0 —> 1 
220 (calcanealoastragalar position), 0.167, 0 —> 1 


Node 90 —> Leptictis 

9 (II occurrence), 0.250, 0 => 1 

39 (p4 talonid shape), 0.182, 0 => 1 

73 (lower molar trigonid), 0.400, 1 —> 0 

95 (mandibular foramen position), 0.250, 1 —> 0 

97 (infraorbital canal length), 0.500, 0 => 1 

109 (posterior maxillary notch), 0.400, 0 => 1 

116 (nasal), 0.444, 0 => 1 

122 (antorbital fossa), 0.667, 0 => 2 

158 (bulla shape), 0.667, 1 0 

159 (external auditory canal), 0.167, 1 —» 0 
164 (entotympanic bulla), 0.333, l —> 2 
178 (acromion), 0.200, 0 => 1 

199 (distal tibia-fibula), 0.333, 0 => 2 


Node 90 —> node 89 

17 (13 occurrence), 0.333, 0 —> 1 

27 (pi occurrence), 0.333, 0 —» 1 

28 (PI occurrence), 0.250, 0 —» 1 

63 (upper molar paracone and metacone), 0.667, 
0 -> 2 

110 (alisphenoid canal), 0.333, 1 —> 0 
142 (dorsal process of jugal), 0.667, 0 —> 2 
146 (supraorbital crest), 0.143, 0 -4 1 


167 (course of stapedial artery), 0.200, 0 => 1 
186 (ulnar facet of radial head), 0.200, 1 —> 0 
192 (greater trochanter position), 0.167, 1 —> 0 
194 (lesser trochanter orientation), 0.167, 1 —> 0 

196 (patellar trochlea), 0.125, 1 —» 0 

197 (distal femur), 0.100, 1 —» 0 

205 (lateral astragalar trochlea), 0.200, 0 => 1 
207 (ventral limit of astragalus), 1.000, 1 => 0 


Node 89 —> node 86 

23 (upper canine occurrence), 0.500, 0 => 1 
59 (upper molar centrocrsta), 0.750, 0 => 2 
64 (upper molar hypocone), 0.250, 1 => 0 
88 (coronoid process), 0.667, 0 => I 
96 (incisive foramen), 0.545, 0 => 1 
105 (foramen ovale), 0.333, 1 => 0 
107 (supraorbital foramen), 0.333, 0 => 1 
113 (supraorbital notch), 0.500, 0 => 2 
163 (ectotympanic contribution), 0.500, 0 => 1 


Node 86 —> Cynocephalus 

9 (II occurrence), 0.250, 0 => 1 
17 (13 occurrence), 0.333, 1 -4 0 
24 (upper canine roots), 0.250, 1 => 0 
26 (lower canine roots), 0.500, 1 => 0 

29 (p2 occurrence), 0.333, 0 => 1 

30 (P2 occurrence), 0.333, 0 => 1 
39 (p4 talonid shape), 0.182, 0 => 1 

49 (upper tooth row size), 0.375, 0 => 1 
58 (upper molar trigon), 0.500, 0 => 2 
62 (upper molar conules), 0.300, 0 => 1 
71 (ectolophid occurrence), 0.167, 0 => I 
99 (postglenoid foramen), 0.500, 1 => 5 
114 (mastoid foramen), 0.429, 2 => 3 
127 (orbit position), 0.500, 0 => 1 

141 (jugal contribution to glenoid), 0.500, 0 => 1 

142 (dorsal process of jugal), 0.667, 2 —> 0 
152 (alisphenoid-parietal contact), 0.286, 0 => 1 
154 (interparietal occurrence), 0.143, 0 => 1 
167 (course of stapedial artery), 0.200, 1 => 2 
176 (number of sacral vertebrae), 0.500, 1 —> 2 

181 (radial fossa size), 0.167, 0 => 1 

182 (supratrochlear foramen), 0.143, 0 => 1 

183 (ulna-radia connection), 0.500, 0 => 1 

184 (posterior edge of proximal ulna), 0.125, 

0 => 1 

194 (lesser trochanter orientation), 0.167, 0 —> 1 
204 (astragalus trochlea), 0.500, 1 => 0 
213 (calcaneoastragalar), 0.143, 0 => 1 


Node 86 —> Tupaia 

42 (P4 buccal cusp), 0.231, 2 => 0 
52 (lower tooth row size), 0.375, 1 => 0 
60 (upper molar mesostyle), 0.143, 0 => 1 
95 (mandibular foramen position), 0.250, 1 —> 0 
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109 (posterior maxillary notch), 0.400, 0 => 1 

110 (alisphenoid canal), 0.333, 0 —> 1 

145 (postorbital process of frontal), 0.222, 0 => 2 
164 (entotympanic bulla), 0.333, 1 —> 2 
166 (distal internal carotid artery), 0.267, 1 => 2 
186 (ulnar facet of radial head), 0.200, 0 —> 1 
192 (greater trochanter position), 0.167, 0 —» 1 
195 (third trochanter size), 0.182, 1 => 0 
208 (lateral process of astragalus), 0.200, 0 => 1 
211 (sustentacular facet orientation), 0.500, 0 => I 


Node 89 —» node 88 

16 (i3 occurrence), 0.333, 0 => 1 
25 (lower canine occurrence), 0.333, 1 —» 0 
31 (P2 shape), 0.600, 0 => 1 
42 (P4 buccal cusp), 0.231. 2 —> 1 
53 (upper molar crown shape), 0.429, 0 => 1 
57 (upper molar posteroloph), 0.571, 0 => 1 
63 (upper molar paracone and metacone), 0.667, 
2 —> 3 

83 (m3 hypoconulid), 0.556, 0 => 1 

86 (horizontal ramus length), 1.000, 0 => 2 

87 (number of mental foramen), 0.167, 0 —> 1 
99 (postglenoid foramen), 0.500, 1 => 0 

122 (antorbital fossa), 0.667, 0 => 1 

133 (palatine-lacrimal contact), 0.500, 0 => 1 

137 (lacrimal-jugal contact), 0.250, 0 => 1 

165 (petrosal contribution), 0.667, 0 —> 1 

201 (fibula size), 0.125, 1 -> 0 

206 (astragalar posterior trochlea), 1.000, 0 => 1 

209 (astragalofibular facet), 0.500, 1 => 0 

210 (dorsal astragalar foramen), 0.250, 1 => 0 


Node 88 —» Plesiadapids 

4 (upper diastema), 0.750, 0 => 1 

8 (il size), 0.500, 0 => 1 

10 (II size), 0.500, 0 => 1 

25 (lower canine occurrence), 0.333, 0 —> 2 

37 (p4 trigonid shape), 0.500, 1 => 0 

116 (nasal), 0.444, 0 => 1 

118 (premaxilla size), 0.571, 0 => 2 

146 (supraorbital crest), 0.143, 1 —> 0 

191 (articular surface on femurs), 0.167, 0 => 1 

214 (astragalar neck length), 0.143, 1 —» 0 

223 (cuboid length), 0.333, 0 => 1 


Node 88 —» node 87 

27 (pi occurrence), 0.333, 1 —> 0 

28 (PI occurrence), 0.250, 1 —> 0 

55 (upper cheek tooth), 0.500, 0 => 1 

58 (upper molar trigon), 0.500, 0 => 1 

89 (angular process size), 0.500, 0 => 1 

102 (lacrimal foramen position), 0.400, 0 => 1 

128 (orbit orientation), 1.000, 0 => 1 

136 (lacrimal facial process), 0.333, 0 => I 


138 (jugal-maxilla contact), 0.333, 0 => 1 

145 (postorbital process of frontal), 0.222, 0 => 2 

164 (entotympanic bulla), 0.333, 1 —> 0 

165 (petrosal contribution), 0.667, 1 —> 2 

166 (distal internal carotid artery), 0.267, 1 => 2 
169 (facial nerve), 0.222, 0 => 2 

195 (third trochanter size), 0.182, 1 => 0 

196 (patellar trochlea), 0.125, 0 —> 1 
217 (calcaneus width), 0.250, 0 —» 1 

219 (calcaneoastragalar facet), 0.500, 0 => 1 


Node 87 —> Notliarctus 

60 (upper molar mesostyle), 0.143, 0 => 1 

Node 87 —> Adapis 
42 (P4 buccal cusp), 0.231, 1 —> 2 
45 (P4 hypocone), 0.286, 0 => 1 
127 (orbit position), 0.500, 0 => 1 

DELTRAN 
Asioryctes —» node 93 
5 (number of lower incisors), 1.000, 0 => 1 
20 (i4 occurrence), 1.000, 0 => 1 


Node 93 —> node 92 

6 (number of upper incisors), 1.000, 0 => 1 
19 (14 occurrence), 1.000, 0 => 1 
21 (15 occurrence), 1.000, 0 —> 1 

25 (lower canine occurrence), 0.333, 0 => 1 

26 (lower canine roots), 0.500, 0 => 1 
37 (p4 trigonid shape), 0.500, 0 => 1 

93 (mandibular condyle shape), 0.500, 0 —> 1 
99 (postglenoid foramen), 0.500, 0 => 1 
110 (alisphenoid canal), 0.333, 0 => 1 
204 (astragalus trochlea), 0.500, 0 —> 1 
209 (astragalofibular facet), 0.500, 0 —> 1 
216 (cuboid facet on astragalus), 0.200. 1 —> 0 
218 (calcaneofibular facet), 0.600, 0 1 

223 (cuboid length), 0.333, 1 0 


Node 92 —> node 51 

4 (upper diastema), 0.750, 0 => 1 

8 (il size), 0.500, 0 => 1 

58 (upper molar trigon), 0.500, 0 => 4 

118 (premaxilla size), 0.571, 0 => 1 

123 (anterior zygomatic root), 0.667, 0 => 1 


Node 51 —> Zalambdalestes 

18 (13 position), 0.667, 0 —* 1 

106 (dorsal palatine foramen), 0.500, 0 —> 1 

167 (course of stapedial artery), 0.200. 0 => 1 

199 (distal tibia-fibula), 0.333, 0 ^2 

201 (fibula size), 0.125, 0 -> 1 

217 (calcaneus width), 0.250, 0 —» 1 
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Node 51 —> Barunlestes 
1 (incisor enamel), 0.500, 0 => 1 
24 (upper canine roots), 0.250, 0 —> 1 

28 (PI occurrence), 0.250, 0 => 1 

29 (p2 occurrence), 0.333, 0 => 1 

106 (dorsal palatine foramen), 0.500, 0 —> 2 
108 (sphenopalatine foramen), 0.429, 0 —> 2 
188 (scaphoid and lunate fusion), 0.250, 0 —> 1 


Node 92 —> node 91 

24 (upper canine roots), 0.250, 0 —> 1 
42 (P4 buccal cusp), 0.231, 0 => 2 
64 (upper molar hypocone), 0.250, 0 => 1 
105 (foramen ovale), 0.333, 0 => 1 
114 (mastoid foramen), 0.429, 0 => 2 

174 (intercentrum and arches), 1.000, 0 => 1 

175 (atlantal-axial joint), 1.000, 0 => 1 

176 (number of sacral vertebrae), 0.500, 0 —> 1 
190 (epipubic bone occurrence), 1.000, 0 => 1 


Node 91 -> node 85 

53 (upper molar crown shape), 0.429, 0 => 1 
57 (upper molar posteroloph), 0.571, 0 => 1 
73 (lower molar trigonid), 0.400, 0 —» 1 
163 (ectotympanic contribution), 0.500, 0 => 2 
187 (distal articulation surface), 0.333, 0 => 1 


Node 85 —> node 52 

31 (P2 shape), 0.600, 0 => 2 
58 (upper molar trigon), 0.500, 0 => 1 
62 (upper molar conules), 0.300, 0 —> 1 

69 (mure occurrence), 0.200, 0 => 1 

70 (hypoflexid depth), 0.200, 0 —> 1 

77 (lower molar paraconid), 0.400, 0 => 1 
83 (m3 hypoconulid), 0.556, 0 —» 2 
176 (number of sacral vertebrae), 0.500, 1 —> 2 
185 (central process of radial), 0.200, 0 => 1 
189 (centrale occurrence), 0.500, 0 => 1 
195 (third trochanter size), 0.182, 1 —> 0 


Node 52 —> Hyopsodus 

23 (upper canine occurrence), 0.500, 0 => 1 
42 (P4 buccal cusp), 0.231, 2 => 0 
45 (P4 hypocone), 0.286, 0 => 1 

192 (greater trochanter position), 0.167, 1 => 0 

193 (femoral neck length), 0.167, 0 => 1 
196 (patellar trochlea), 0.125, 1 => 0 

214 (astragalar neck length), 0.143, 0 —> 1 
216 (cuboid facet on astragalus), 0.200, 0 => 1 


Node 52 —> Phenacodus 

25 (lower canine occurrence), 0.333, I => 0 
33 (p3 shape), 1.000, 0 => 1 


35 (P3 shape), 0.667, 0 => 1 

39 (p4 talonid shape), 0.182, 0 => 1 

55 (upper cheek tooth lingual) , 0.500, 0 => 1 

59 (upper molar centrocrsta), 0.750, 0 => 1 

60 (upper molar mesostyle), 0.143, 0 => 1 

85 (mandibular condyle height), 0.500, 0 —> 1 

96 (incisive foramen), 0.545, 0 => 1 

167 (course of stapedial artery), 0.200, 0 => 2 

178 (acromion), 0.200, 0 => 1 

179 (greater tuberosity), 0.250, 0 => 1 

184 (posterior edge of proximal ulna), 0.125, 

0 —> 1 

191 (articular surface on femurs), 0.167, 1 => 0 
197 (distal femur), 0.100, 0 —> 1 


Node 85 -> node 84 

37 (p4 trigonid shape), 0.500, 1 => 3 

46 (molar labial cingulum), 0.500, 0 => 1 

56 (upper molar protoloph), 0.571, 0 => 1 

61 (upper molar protocone), 0.429, 0 => 1 

74 (posterior wall of trigonid). 1.000, 0 => 1 

116 (nasal), 0.444, 0 => 1 

158 (bulla shape), 0.667, 0 1 

166 (distal internal carotid artery), 0.267, 0 —> 1 

208 (lateral process of astragalus), 0.200, 0 => 1 

217 (calcaneus width), 0.250, 0 => 1 


Node 84 —> node 82 

33 (p3 shape), 1.000, 0 => 2 
50 (cheek teeth height), 0.500, 0 => 1 
52 (lower tooth row size), 0.375, 0 => 1 
83 (m3 hypoconulid), 0.556, 0 —> 1 
95 (mandibular foramen position), 0.250, 0 —> 1 
136 (Lacrimal facial process), 0.333, 0 => 1 
182 (supratrochlear foramen), 0.143, 1 => 0 
202 (tibia malleolus), 0.286, 0 —> 1 


Node 82 —> node 54 

25 (lower canine occurrence), 0.333, 1 —> 0 
39 (p4 talonid shape), 0.182, 0 —> 2 
54 (upper cheek tooth precingulum), 0.600, 0 => 1 
62 (upper molar conules), 0.300, 0 —> 2 
64 (upper molar hypocone), 0.250, 1 => 0 
193 (femoral neck length), 0.167, 0 => 1 
195 (third trochanter size), 0.182, 1 —> 0 
210 (dorsal astragalar foramen), 0.250, 1 —> 0 


Node 54 —> node 53 

61 (upper molar protocone), 0.429, I => 3 
99 (postglenoid foramen), 0.500, 1 —> 0 
145 (postorbital process of frontal), 0.222, 0 => 1 
216 (cuboid facet on astragalus), 0.200, 0 => 1 
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Node 53 —> Anagalopsis 

87 (number of mental foramen), 0.167, 0 => 1 

107 (supraorbital foramen), 0.333, 0 => 1 

220 (calcanealoastragalar position), 0.167, 0 —> 1 


Node 53 —> Anagale 

31 (P2 shape), 0.600, 0 2 

42 (P4 buccal cusp), 0.231, 2 => 0 

77 (lower molar paraconid), 0.400, 0 —> 1 

114 (mastoid foramen), 0.429, 2 —> Q 

148 (postglenoid process), 0.667, 0 —» 1 

163 (ectotympanic contribution), 0.500, 2 => 1 

164 (entotympanic bulla), 0.333, 0 —> 1 

166 (distal internal carotid artery), 0.267, 1 —» 2 

167 (course of stapedial artery), 0.200, 0 —> 1 
169 (facial nerve), 0.222, 0 —> 2 

171 (tensor tympani muscle), 0.333, 0 —> 1 
184 (posterior edge of proximal ulna), 0.125, 

0 -> 1 

196 (patellar trochlea), 0.125, 1 —> 0 

208 (lateral process of astragalus), 0.200, 1 —> 0 


Node 54 —» Pseudictops 

42 (P4 buccal cusp), 0.231, 2 => 1 
63 (upper molar paracone and metacone), 0.667, 
0 -> 1 

73 (lower molar trigonid), 0.400, 1 => 0 
197 (distal femur), 0.100, 0 —> 1 

218 (calcaneofibular facet), 0.600, 1 => 2 

219 (calcaneoastragalar facet), 0.500, 0 => 1 
221 (sustentaculum on calcaneus), 0.500, 0 => 1 


Node 82 —> node 81 

I (incisor enamel), 0.500, 0 => 1 
7 (il occurrence), 1.000, 0 => 1 
9 (II occurrence), 0.250, 0 => 1 

II (di2 occurrence), 1.000, 0 => 2 

12 (i2 replacement), 1.000, 0 => 1 

13 (DI2 size), 1.000, 0 => 2 

15 (12 replacement), 1.000, 0 => 1 

22 (incisor shape), 0.750, 0 => 2 

23 (upper canine occurrence), 0.500, 0 => 2 
25 (lower canine occurrence), 0.333, 1 —> 2 

27 (pi occurrence), 0.333, 0 => I 

28 (PI occurrence), 0.250, 0 => 1 

29 (p2 occurrence), 0.333, 0 => 1 
31 (P2 shape), 0.600, 0 => 1 

35 (P3 shape), 0.667, 0 => 1 

59 (upper molar centrocrsta), 0.750, 0 => 2 

62 (upper molar conules), 0.300, 0 —> 1 

63 (upper molar paracone and metacone), 0.667, 
0 ^ 1 

77 (lower molar paraconid), 0.400, 0 => 2 
84 (lower diastema), 1.000, 0 => 2 
86 (horizontal ramus length), 1.000, 0 => 1 


89 (angular process size), 0.500, 0 => 1 
93 (mandibular condyle shape), 0.500, I => 2 
97 (infraorbital canal length), 0.500, 0 => 1 

102 (lacrimal foramen position), 0.400, 0 => 1 

103 (nasolacrimal canal position), 1.000, 0 => 1 
119 (premaxilla on rostrum), 0.667, 0 => 1 

123 (anterior zygomatic root), 0.667, 0 => 1 

127 (orbit position), 0.500, 0 => 1 

133 (palatine-lacrimal contact), 0.500, 0 —> 1 

148 (postglenoid process), 0.667, 0 => 2 

149 (glenoid fossa position), 1.000, 0 => 1 
170 (squamosal to epitympanic) , 0.500, 0 —> 1 


Node 81 —> node 58 

2 (enamel layer), 0.667, 0 => 2 

4 (upper diastema), 0.750, 0 —> 2 

18 (13 position), 0.667, 0 —> 1 

44 (P4 anterior and posterior), 0.500, 0 => 1 

91 (masseteric fossa), 0.300, 0 => 1 

96 (incisive foramen), 0.545, 0 —> 4 

118 (premaxilla size), 0.571, 0 —> 4 

124 (ventral projection of maxilla), 1.000, 0 => 1 

125 (zygomatic fossa), 1.000, 0 => 1 

144 (anterior projection of frontal), 1.000, 0 => 1 
213 (calcaneoastragalar axis), 0.143, 0 —> 1 
215 (astragalonavicular facet), 1.000, 0 => 1 
219 (calcaneoastragalar facet), 0.500, 0 => 1 
221 (sustentaculum on calcaneus), 0.500, 0 => 1 
225 (plantar process of navicular), 0.333, 0 —> 1 


Node 58 —> node 57 

11 (di2 occurrence), 1.000, 2 => 1 

13 (DI2 size), 1.000, 2 => 1 

14 (dI2 surface), 0.500, 0 1 

16 (i3 occurrence), 0.333, 0 —» 1 
18 (13 position), 0.667, 1 => 2 
22 (incisor shape), 0.750, 2 => 1 
31 (P2 shape), 0.600, 1 => 3 

33 (p3 shape), 1.000, 2 => 3 
35 (P3 shape), 0.667, 1 => 3 
39 (p4 talonid shape), 0.182, 0 —> 2 

44 (P4 lophs), 0.500, 1 => 2 

45 (P4 hypocone), 0.286, 0 => 2 

49 (upper tooth row size), 0.375, 0 => 2 

50 (cheek teeth height), 0.500, 1 => 3 
52 (lower tooth row size), 0.375, 1 => 2 

56 (upper molar protoloph), 0.571, 1 => 4 

57 (upper molar posteroloph), 0.571, 1 => 4 

58 (upper molar trigon), 0.500, 0 => 4 

59 (upper molar centrocrsta), 0.750, 2 => 3 

61 (upper molar protocone), 0.429, 1 => 2 

62 (upper molar conules), 0.300, 1 => 3 

63 (upper molar paracone and metacone), 0.667, 
1 => 6 

68 (hypoflexus), 0.600, 0 => 3 
70 (hypoflexid depth), 0.200, 0 => 1 
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71 (ectolophid occurrence), 0.167, 0 => 1 
80 (lower molar talonid basin), 0.800, 0 => 4 
83 (m3 hypoconulid), 0.556, 1 —> 3 
85 (mandibular condyle height), 0.500, 0 —> 2 
88 (coronoid process), 0.667, 0 —> 4 

99 (postglenoid foramen), 0.500, 1 —> 3 

100 (optic foramen), 0.333, 0 —» 1 

112 (sphenopalatine vacuity), 0.500, 0 —> 1 

115 (skull shape), 1.000, 0 -> 1 

121 (fenestration of maxilla), 1.000, 0 => 1 

131 (hard palate length), 0.500, 0 —> 1 

139 (posterior process of jugal), 1.000, 0 —> 1 

147 (glenoid fossa shape), 0.800, 0 —> 4 

152 (alisphenoid-parietal contact), 0.286, 0 —> 2 

154 (interparietal occurrence), 0.143, 0 —> 1 

159 (external auditory canal), 0.167, 0 —> 1 

176 (number of sacral vertebrae), 0.500, 1 — > 2 

178 (acromion), 0.200, 0 —> 1 

191 (articular surface on femurs), 0.167 1 —> 0 

197 (distal femur), 0.100, 0 —» 1 

199 (distal tibia-fibula), 0.333, 0 => 2 

201 (fibula size), 0.125, 0 => 1 

214 (astragalar neck length), 0.143, 0 => 1 

218 (calcaneofibular facet), 0.600, 1 => 2 

220 (calcanealoastragalar position), 0.167, 0 => 1 


Node 57 —> node 56 

94 (coronoid canal occurrence), 1.000, 0 => i 
105 (foramen ovale), 0.333, 1 => 2 
111 (sphenopterygoid canal), 0.333, 0 —> 1 
114 (mastoid foramen), 0.429, 2 —> 3 

166 (distal internal carotid artery), 0.267, 1 —> 3 

167 (course of stapedial artery), 0.200, 0 —> 2 
177 (neck of scapula), 0.250, 0 => 1 

179 (greater tuberosity), 0.250, 0 => 1 

180 (entepicondylar foramen), 0.333, 0 => 1 
182 (supratrochlear foramen), 0.143, 0 => 1 

184 (posterior edge of proximal ulna), 0.125, 

0 => 1 

185 (central process of radial), 0.200, 0 => 1 


Node 56 —> node 55 

48 (M3 occurrence), 0.500, 0 => 1 

139 (posterior process of jugal), 1.000, 1 => 2 

195 (third trochanter size), 0.182, 1 —> 0 


Node 55 —> Ochotona 

161 (internal septa of bullae), 0.600, 0 —> 3 

166 (distal internal carotid artery), 0.267, 3 —> 4 

169 (facial nerve), 0.222. 0 —» 2 

187 (distal articulation surface), 0.333, 1 => 0 


Node 55 —> Prolagus 

154 (interparietal occurrence), 0.143, 1 => 0 
161 (internal septa of bullae), 0.600, 0 —> 1 


Node 56 — > Lepus 

116 (nasal), 0.444, 1 4 

129 (anteroventral rim of orbit), 0.500, 0 —> 1 

130 (orbit floor), 0.500, 0 —> 1 

145 (postorbital process of frontal), 0.222, 0 —> I 

146 (supraorbital crest), 0.143, 0 —> 1 

194 (lesser trochanter orientation), 0.167, 1 —> 0 
222 (calcaneus-navicular contact), 0.500, 0 => 1 


Node 57 — > Palaeolagus 
116 (nasal), 0.444, 1 -> 4 

129 (anteroventral rim of orbit), 0.500, 0 —> 1 

130 (orbit floor), 0.500, 0 -» 1 

145 (postorbital process of frontal), 0.222, 0 —> 1 

146 (supraorbital crest), 0.143, 0 —» 1 

167 (course of stapedial artery), 0.200, 0 —» 1 
194 (less trochanter orientation), 0.167, 1 —> 0 


Node 58 —> Mimotona 

14 (dI2 surface), 0.500, 0 -» 1 
37 (p4 trigonid shape), 0.500, 3 —> 2 
84 (lower diastema), 1.000, 2 => 1 
87 (number of mental foramen), 0.167, 0 => 1 


Node 58 — » Mimolagus 

116 (nasal), 0.444, 1 -> 3 

131 (hard palate length), 0.500, 0 —> 1 

196 (patellar trochlea), 0.125, 1 => 0 

210 (dorsal astragalar foramen), 0.250, 1 —> 0 

216 (cuboid facet on astragalus), 0.200, 0 => 1 

222 (calcaneus-navicular contact), 0.500, 0 => 1 


Node 81 —> node 80 

4 (upper diastema), 0.750, 0 —> 3 

16 (i3 occurrence), 0.333, 0 —» 1 

17 (13 occurrence), 0.333, 0 => 1 
30 (P2 occurrence), 0.333, 0 => 1 

37 (p4 trigonid shape), 0.500, 3 -» 2 

85 (mandibular condyle height), 0.500, 0 —» 1 

88 (coronoid process), 0.667, 0 —> 1 

96 (incisive foramen), 0.545, 0 —> 2 

106 (dorsal palatine foramen), 0.500, 0 => 1 

108 (sphenopalatine foramen), 0.429, 0 => 1 

118 (premaxilla size), 0.571, 0 3 

137 (lacrimal-jugal contact), 0.250, 0 —> 1 

147 (glenoid fossa shape), 0.800, 0 —> 2 

153 (hamulus-bulla contact), 0.500, 0 => 1 

203 (posterior process on distal tibia), 1.000, 0 => 1 

217 (calcaneus width), 0.250, 1 => 0 

224 (medial tarsal sesamoid bone), 1.000, 0 => 1 


Node 80 —> node 61 

2 (enamel layer), 0.667, 0 => 1 
42 (P4 buccal cusp), 0.231, 2 => 1 
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69 (mure occurrence), 0.200, 0 => 1 
218 (calcaneofibular facet), 0.600, I => 0 


Node 61 —» node 60 

56 (upper molar protoloph), 0.571, 1 => 3 
62 (upper molar conules), 0.300, I => 0 


Node 60 —> Eurymylus 

158 (bulla shape), 0.667, 1 => 2 

171 (tensor tympani muscle), 0.333, 0 => 2 


Node 60 —> node 59 

91 (masseteric fossa), 0.300, 0 => 1 
93 (mandibular condyle shape), 0.500, 2 —> 0 
99 (postglenoid foramen), 0.500, 1 —> 2 
114 (mastoid foramen), 0.429, 2 —* 1 

116 (nasal), 0.444, 1 2 

117 (premaxilla-frontal suture), 0.500, 0 —> 1 

124 (ventral projection of maxilla), 1.000, 0 => 2 

125 (zygomatic fossa), 1.000, 0 => 2 

142 (dorsal process of jugal), 0.667, 0 —> 1 

143 (jugal ventral process), 1.000, 0 —» 1 

145 (postorbital process of frontal), 0.222, 0 —> 1 

155 (expansion of mastoid), 0.333, 0 —> 1 

156 (mastoid in skull roof), 1.000, 0 —> 1 
159 (external auditory canal), 0.167, 0 —> 1 
169 (facial nerve), 0.222, 0 —> 1 

197 (distal femur), 0.100, 0 —> 1 

208 (lateral process of astragalus), 0.200, 1 —> 0 

225 (plantar process of navicular), 0.333, 0 —> 1 


Node 59 —» Rhombomylus 

166 (distal internal carotid artery), 0.267, 1 —> 4 

167 (course of stapedial artery), 0.200, 0 => 2 
185 (central process of radial), 0.200, 0 —> 1 
202 (tibia malleolus), 0.286, 1 => 0 

213 (calcaneoastragalar), 0.143, 0 —> 1 


Node 59 —» Matutinia 

42 (P4 buccal cusp), 0.231, 1 => 0 

44 (P4 lophs), 0.500, 0 => 1 

166 (distal internal carotid artery), 0.267, 1 —> 3 

189 (centrale occurrence), 0.500, 0 —» 1 

192 (greater trochanter position), 0.167, 1 => 0 


Node 80 —> node 79 

32 (p3 occurrence), 1.000, 0 => 1 
50 (cheek teeth height), 0.500, 1 => 0 
56 (upper molar protoloph), 0.571, 1 => 0 
61 (upper molar protocone), 0.429, 1 => 0 
74 (posterior wall of trigonid), 1.000, 1 => 2 
78 (lower molar nretaconid), 0.286, 0 => 1 


79 (lower molar nresoconid), 0.333, 0 => 1 

80 (lower molar talonid basin), 0.800, 0 => 1 
91 (masseteric fossa), 0.300, 0 => 2 


Node 79 —> Sinomylus 

3 (enamel type), 0.600, 1 —> 0 
30 (P2 occurrence), 0.333, I => 0 
42 (P4 buccal cusp), 0.231. 2 => 0 
62 (upper molar conules), 0.300, 1 => 0 


Node 79 —> Tribosphenomys 
3 (enamel type), 0.600, 1 —> 0 
35 (P3 shape), 0.667, 1 2 

46 (molar labial cingulum), 0.500, 1 => 0 

57 (upper molar posteroloph), 0.571, I => 0 

58 (upper molar trigon), 0.500, 0 => 2 

77 (lower molar paraconid), 0.400. 2 => 1 
83 (m3 hypoconulid), 0.556, 1 —> 2 
87 (number of mental foramen), 0.167, 0 —> 1 
202 (tibia malleolus), 0.286, 1 => 0 
205 (lateral astragalar trochlea), 0.200. 0 => 1 


Node 79 -> node 78 

2 (enamel layer), 0.667, 0 => 1 
35 (P3 shape), 0.667, 1 -> 2 
39 (p4 talonid shape), 0.182, 0 => 1 
49 (upper tooth row size), 0.375, 0 => 1 

53 (upper molar crown shape), 0.429, 1 => 2 

54 (upper cheek tooth precingulum), 0.600, 0 => 1 
60 (upper molar mesostyle), 0.143, 0 => 1 

69 (mure occurrence), 0.200, 0 => 1 
83 (m3 hypoconulid), 0.556, 1 —> 3 
87 (number of mental foramen), 0.167, 0 —> 1 
90 (angular process position), 0.667, 0 => 1 
99 (postglenoid foramen), 0.500, 1 —> 4 
112 (sphenopalatine vacuity), 0.500, 0 —> 1 
116 (nasal), 0.444, 1 -> 2 
123 (anterior zygomatic root), 0.667, 1 => 2 
151 (alisphenoid-frontal contact), 0.250, 0 —> 1 

186 (ulnar facet of radial head), 0.200, 1 —> 0 

187 (distal articulation surface), 0.333, 1 —» 0 

188 (scaphoid and lunate fusion), 0.250, 0 —» 1 
213 (calcaneoastragalar and Su), 0.143, 0 —> 1 


Node 78 —> Paramys 

90 (angular process position), 0.667, 1 => 0 
96 (incisive foramen), 0.545, 2 => 1 
181 (radial fossa size), 0.167, 1 => 0 
188 (scaphoid and lunate fusion), 0.250, 1 => 0 

195 (third trochanter size), 0.182, 1 —> 0 

196 (patellar trochlea), 0.125, 1 => 0 
202 (tibia malleolus), 0.286, 1 => 0 

220 (calcanealoastragalar position), 0.167, 0 => 1 
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Node 78 —> Reithroparamys 

79 (lower molar mesoconid), 0.333, 1 => 0 
81 (lower molar entoconid), 0.333, 0 —> 1 
161 (internal septa of bullae), 0.600, 0 => 1 
166 (distal internal carotid artery), 0.267, 1 —> 4 
168 (stapedial artery shielding), 0.500, 0 => 1 
172 (meato-cochlear bridge), 0.500, 0 => 1 

192 (greater trochanter position), 0.167, I => 0 

193 (femoral neck length), 0.167, 0 => 1 
197 (distal femur), 0.100, 0 —> 1 


Node 78 -> node 76 

56 (upper molar protoloph), 0.571, 0 => 1 
62 (upper molar conules), 0.300, 1 => 0 
72 (upper molar metaloph), 0.500, 0 => 1 
80 (lower molar talonid basin), 0.800, 1 => 2 
154 (interparietal occurrence), 0.143, 0 => 1 


Node 76 -> node 75 

3 (enamel type), 0.600, 1 => 3 
34 (P3 occurrence), 1.000, 0 => 1 
68 (hypoflexus), 0.600, 0 => 1 
70 (hypoflexid depth), 0.200, 0 => 1 

78 (lower molar metaconid), 0.286, 1 => 0 

79 (lower molar mesoconid), 0.333, 1 => 0 
159 (external auditory canal), 0.167, 0 —» 1 

166 (distal internal carotid artery), 0.267, 1 —> 4 
182 (supratrochlear foramen), 0.143, 0 => 1 
193 (femoral neck length), 0.167, 0 —> 1 
201 (fibula size), 0.125, 0 1 


Node 75 —> node 63 

45 (P4 hypocone), 0.286, 0 => 2 
52 (lower tooth row size), 0.375, 1 => 0 
92 (incisor protuberance), 1.000, 0 => 1 

96 (incisive foramen), 0.545, 2 => 5 

97 (infraorbital canal length), 0.500, 1 => 2 

98 (infraorbital foramen diameter), 0.800, 0 —> 2 
109 (posterior maxillary notch), 0.400, 0 => 1 
111 (sphenopterygoid canal), 0.333, 0 => 1 

120 (transverse constriction), 1.000, 0 => 1 
126 (zygomatic plate), 1.000, 0 => 3 
140 (jugal size), 0.500, 0 => 1 
152 (alisphenoid-parietal contact), 0.286, 0 —> 2 
197 (distal femur), 0.100, 0 —> 1 


Node 63 — > Paradjidaumo 

49 (upper tooth row size), 0.375, 1 —> 0 

80 (lower molar talonid basin), 0.800, 2 —> 3 

82 (lower molar hypolophid), 0.500, 0 —> 1 

91 (masseteric fossa), 0.300, 2 —> 3 

108 (sphenopalatine foramen), 0.429, 1 => 2 

194 (lesser trochanter orientation), 0.167, 1 => 0 


Node 63 —> node 62 

38 (p4 protostylid occurrence), 1.000, 0 => 1 
41 (P4 size), 1.000, 0 => 1 
43 (P4 styles), 1.000, 0 => 1 
49 (upper tooth row size), 0.375, 1 —> 3 
54 (upper cheek tooth precingulum), 0.600, 1 => 0 

56 (upper molar protoloph), 0.571, 1 => 2 

57 (upper molar posteroloph), 0.571, 1 => 2 
60 (upper molar mesostyle), 0.143, 1 —> 0 

65 (lingual cusp to protocone), 1.000, 0 => 2 

66 (labial cusps to protoconid), 1.000, 0 => 2 
71 (ectolophid occurrence), 0.167, 0 => 1 

83 (m3 hypoconulid), 0.556, 3 => 5 
105 (foramen ovale). 0.333, 1 => 2 
114 (mastoid foramen), 0.429, 2 —> 0 
119 (premaxilla on rostrum), 0.667, I => 2 
134 (lacrimal projection), 1.000, 0 => 1 
199 (distal tibia-fibula), 0.333, 0 => 1 


Node 62 —> Florentiamys 

63 (upper molar paracone and metacone), 0.667, 
1 => 0 

91 (masseteric fossa), 0.300, 2 —> 3 

100 (optic foramen), 0.333, 0 => 1 

152 (alisphenoid-parietal contact), 0.286, 2 => 1 

185 (central process of radial), 0.200, 0 —> 1 

186 (ulnar facet of radial head), 0.200, 0 —> 1 
195 (third trochanter size), 0.182, 1 —» 0 


Node 62 —> Gregorymys 

39 (p4 talonid shape), 0.182, 1 => 2 

61 (upper molar protocone), 0.429, 0 => 1 

99 (postglenoid foramen), 0.500, 4 => 3 

138 (jugal-maxilla contact), 0.333, 0 —> 1 

166 (distal internal carotid artery), 0.267, 4 => 3 


Node 75 —> node 74 

53 (upper molar crown shape), 0.429, 2 => 3 
60 (upper molar mesostyle), 0.143, 1 —> 0 
177 (neck of scapula), 0.250, 0 => 1 
180 (entepicondylar foramen), 0.333, 0 => 1 


Node 74 —> node 65 

36 (p4 occurrence), 1.000, 0 => 1 
40 (P4 occurrence), 1.000, 0 => 1 
49 (upper tooth row size), 0.375, 1 —> 3 
52 (lower tooth row size), 0.375, 1 => 3 
56 (upper molar protoloph), 0.571, 1 => 0 
76 (Ml anterocone), 1.000, 0 => 1 

98 (infraorbital foramen diameter), 0.800, 0 —> 4 

99 (postglenoid foramen), 0.500, 4 —> 3 

101 (nasolacrimal), 1.000, 0 => 1 

102 (lacrimal foramen position), 0.400, 1 => 2 
126 (zygomatic plate), 1.000, 0 => 1 
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Node 65 —> Cricetops 

75 (ml anteroconid), 1.000, 0 —> 1 


Node 65 —» node 64 

57 (upper molar posteroloph), 0.571, 1 => 2 
63 (upper molar paracone and metacone), 0.667, 
1 => 3 

65 (lingual cusp to protocone), 1.000, 0 => 1 

66 (labial cusps to protoconid), 1.000, 0 => 1 
71 (ectolophid occurrence), 0.167, 0 => 1 

73 (lower molar trigonid), 0.400, 1 —> 2 

75 (ml anteroconid), 1.000, 0 —> 2 

78 (lower molar metaconid), 0.286, 0 => 1 

91 (masseteric fossa), 0.300, 2 => 3 

117 (premaxilla-frontal suture), 0.500, 0 => 1 

135 (lacrimal size), 0.667, 0 => 2 

140 (jugal size), 0.500, 0 => 1 

152 (alisphenoid-parietal contact), 0.286, 0 —> 2 

166 (distal internal carotid artery), 0.267, 4 —> 3 

195 (third trochanter size), 0.182, 1 —> 0 

197 (distal femur), 0.100, 0 —> 1 

199 (distal tibia-fibula), 0.333, 0 -» 1 


Node 64 —» Rattus 

169 (facial nerve), 0.222, 0 —> 1 

181 (radial fossa size), 0.167, 1 => 0 

182 (supratrochlear foramen), 0.143, 1 => 0 


Node 64 —» Mus 

169 (facial nerve), 0.222, 0 —» 2 
178 (acromion), 0.200, 0 => 1 
198 (proximal tibia-fibula), 0.333, 0 —> 1 
214 (astragalar neck length), 0.143, 0 => 1 


Node 74 —> node 73 

3 (enamel type), 0.600, 3 => 2 
50 (cheek teeth height), 0.500, 0 => 1 

61 (upper molar protocone), 0.429, 0 => 1 

62 (upper molar conules), 0.300, 0 => 3 
73 (lower molar trigonid), 0.400, 1 —» 2 

80 (lower molar talonid basin), 0.800 2 —> 3 
82 (lower molar hypolophid), 0.500, 0 —> 1 
96 (incisive foramen), 0.545, 2 => 3 


Node 73 —> Tataromys 

39 (p4 talonid shape), 0.182, 1 —> 0 

42 (P4 buccal cusp), 0.231, 2 —> 0 

68 (hypoflexus), 0.600, 1 => 2 

83 (m3 hypoconulid), 0.556 3 => 4 

98 (infraorbital foramen diameter), 0.800, 0 —> 3 

155 (expansion of mastoid), 0.333, 0 => 1 

202 (tibia malleolus), 0.286, 1 => 0 


Node 73 —> node 72 

37 (p4 trigonid shape), 0.500, 2 —> 3 

39 (p4 talonid shape), 0.182, 1 —> 2 

42 (P4 buccal cusp), 0.231. 2 —> 3 

44 (P4 lophs), 0.500, 0 => 2 

54 (upper cheek tooth precingulum), 0.600, 1 => 2 

81 (lower molar entoconid), 0.333, 0 => I 

90 (angular process position), 0.667, 1 => 2 

103 (nasolacrimal canal position), 1.000, 1 => 2 

132 (orbital wing of palatine), 1.000, 0 => 1 

141 (jugal contribution to glenoid), 0.500, 0 —> 1 

150 (orbital process of alisphenoid), 1.000, 0 => 1 

151 (alisphenoid-frontal contact), 0.250, 1 => 0 
167 (course of stapedial artery), 0.200, 0 —> 2 
169 (facial nerve), 0.222, 0 —> 2 

173 (round window position), 1.000, 0 —» 1 


Node 72 —> Tsaganomys 
13 (DI2 size), 1.000, 2 => 3 
22 (incisor shape), 0.750, 2 => 3 
49 (upper tooth row size), 0.375, I => 0 
61 (upper molar protocone), 0.429, 1 => 2 
64 (upper molar hypocone), 0.250, 1 => 0 

68 (hypoflexus), 0.600, 1 => 0 

69 (mure occurrence), 0.200, I => 0 

70 (hypoflexid depth), 0.200, 1 => 0 

72 (upper molar metaloph), 0.500, 1 —> 0 

96 (incisive foramen), 0.545, 3 => 6 

105 (foramen ovale), 0.333, 1 => 2 

118 (premaxilla size), 0.571, 3 —> 2 

137 (lacrimal-jugal contact), 0.250, 1 => 0 

154 (interparietal occurrence), 0.143, 1 —> 0 

161 (internal septa of bullae), 0.600, 0 => 2 


Node 72 —> node 71 

45 (P4 hypocone), 0.286, 0 => 2 

58 (upper molar trigon), 0.500, 0 => 3 

67 (mesolophule occurrence), 1.000, 0 => 1 

72 (upper molar metaloph), 0.500, 1 —> 2 

82 (lower molar hypolophid), 0.500, 1 => 2 

91 (masseteric fossa), 0.300, 2 => 3 

98 (infraorbital foramen diameter), 0.800, 0 —> 3 

114 (mastoid foramen), 0.429, 2 —> 3 

119 (premaxilla on rostrum), 0.667, 1 => 2 

127 (orbit position), 0.500, 1 => 2 

138 (jugal-maxilla contact), 0.333, 0 => 1 

152 (alisphenoid-parietal contact), 0.286, 0 —> 2 

157 (mastoid exposure on occiput), 0.500, 0 —> 1 


Node 71 —> node 70 

51 (upper tooth row positions), 0.333, 0 => 1 
54 (upper cheek tooth precingulum), 0.600, 2 => 3 
63 (upper molar paracone and metacone), 0.667, 
1 => 5 

78 (lower molar metaconid), 0.286, 0 —» 2 
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99 (postglenoid foramen), 0.500, 4 —> 3 
102 (lacrimal foramen position), 0.400, 1 => 2 
106 (dorsal palatine foramen), 0.500, 1 —» 3 
111 (sphenopterygoid canal), 0.333, 0 —> 1 
116 (nasal), 0.444, 2 => 3 
154 (interparietal occurrence), 0.143, 1 —> 0 
171 (tensor tympani muscle) , 0.333, 0 —> 1 
227 (metatarsal V occurrence), 1.000, 0 —> 1 


Node 70 —> node 67 

53 (upper molar crown shape), 0.429, 3 —> 2 
184 (posterior edge of proximal ulna), 0.125, 
0 => 1 

192 (great trochanter position), 0.167, 1 => 0 
196 (patellar trochlea), 0.125, 1 => 0 


Node 67 —> node 66 

22 (incisor shape), 0.750, 2 => 3 

49 (upper tooth row size), 0.375, 1 => 0 

50 (cheek teeth height), 0.500, 1 —> 2 
52 (lower tooth row size), 0.375, 1 => 0 

145 (postorbital process of frontal), 0.222, 0 => 1 
160 (opening of external audit), 0.333, 0 —> 1 


Node 66 —> Incamys 

51 (upper tooth row positions), 0.333, 1 => 0 
58 (upper molar trigon), 0.500, 3 => 0 
71 (ectolophid occurrence), 0.167, 0 => I 
78 (lower molar metaconid), 0.286, 2 —» 1 
155 (expansion of mastoid), 0.333, 0 => 1 
157 (mastoid exposure on occiput), 0.500, 1 => 0 


Node 66 —> Neoreomys 
104 (vacuity of nasolacrimal), 0.500, 0 => 1 
171 (Tensor tympani muscle), 0.333, 1 —> 2 
201 (fibula size), 0.125, 1 0 


Node 67 —> Erethizon 

91 (masseteric fossa), 0.300, 3 => 2 

105 (foramen ovale), 0.333, 1 —> 2 

108 (sphenopalatine foramen), 0.429, 1 —> 2 

135 (lacrimal size), 0.667, 0 => 1 

147 (glenoid fossa shape), 0.800, 2 —> 3 

177 (neck of scapula), 0.250, 1 => 0 

182 (supratrochlear foramen), 0.143, 1 => 0 

191 (articular surface on femurs), 0.167, 1 => 0 

193 (femoral neck length), 0.167, 1 => 0 

200 (fibula-femur articulation), 0.500, 0 => 1 

202 (tibia malleolus), 0.286, 1 —> 0 

205 (lateral astragalar trochlea), 0.200, 0 —> 1 

226 (metatarsal IV occurrence), 0.500, 0 —» 1 


Node 70 —> node 69 

50 (cheek teeth height), 0.500, 1 —> 2 
108 (sphenopalatine foramen), 0.429, 1 —> 3 

146 (supraorbital crest), 0.143, 0 => 1 

147 (glenoid fossa shape), 0.800 2 -H> 3 
153 (hamulus-bulla contact), 0.500, 1 => 0 
205 (lateral astragalar trochlea), 0.200, 0 —> 1 
212 (sustentacular facet contact), 0.333, 0 => 1 
220 (calcanealoastragalar position), 0.167, 0 => I 
225 (plantar process of navicular), 0.333, 0 => 1 


Node 69 —> Myocastor 

88 (coronoid process), 0.667, 1 —> 3 
135 (lacrimal size), 0.667, 0 => 1 
195 (third trochanter size), 0.182, 1 => 2 
213 (calcaneoastragalar), 0.143, 1 —> 0 


Node 69 —» node 68 

78 (lower molar metaconid), 0.286, 2 —> 1 
102 (lacrimal foramen position), 0.400, 2 => 0 
104 (vacuity of nasolacrimal), 0.500, 0 => 1 
136 (lacrimal facial process), 0.333, 1 => 0 
160 (opening of external audit), 0.333, 0 —> 1 
171 (tensor tympani muscle), 0.333, 1 —> 2 

178 (acromion), 0.200, 0 => 1 

179 (greater tuberosity), 0.250, 0 => 1 

185 (central process of radial), 0.200, 0 => 1 

197 (distal femur), 0.100, 0 —> 1 

226 (metatarsal IV occurrence), 0.500, 0 —> 1 


Node 68 —> Cavia 

71 (ectolophid occurrence), 0.167, 0 —» 1 
88 (coronoid process), 0.667, 1 —> 3 
186 (ulnar facet of radial head), 0.200, 0 => 1 
213 (calcaneoastragalar), 0.143, 1 —> 0 


Node 68 —> Dasyprocta 
51 (upper tooth row positions), 0.333, 1 => 0 
96 (incisive foramen), 0.545, 3 => 1 
100 (optic foramen), 0.333, 0 => 1 

107 (supraorbital foramen), 0.333, 0 => 1 

108 (sphenopalatine foramen), 0.429, 3 —> 2 
113 (supraorbital notch), 0.500, 0 => 2 

145 (postorbital process of frontal), 0.222, 0 => 1 
184 (posterior edge of proximal ulna), 0.125, 

0 => 1 

198 (proximal tibia-fibula), 0.333, 0 => 1 

208 (lateral process of astragalus), 0.200, 1 => 0 


Node 71 —> Paraphiomys 

52 (lower tooth row size), 0.375, 1 => 0 

53 (upper molar crown shape), 0.429, 3 —> 2 
78 (lower molar metaconid), 0.286, 0 —> 1 
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118 (premaxilla size), 0.571, 3 —> 2 

160 (opening of external audit), 0.333, 0 —> 1 

Node 76 —» Sciuravus 

45 (P4 hypocone), 0.286, 0 => 1 

77 (lower molar paraconid), 0.400, 2 => 0 

82 (lower molar hypolophid), 0.500, 0 —> 1 

96 (incisive foramen), 0.545 2 => 1 

181 (radial fossa size), 0.167, 1 => 0 

214 (astragalar neck length), 0.143, 0 => 1 

Node 78 —> Cocomys 

39 (p4 talonid shape), 0.182, 1 => 0 

42 (P4 buccal cusp), 0.231, 2 => 0 

69 (mure occurrence), 0.200, I => 0 

87 (number of mental foramina), 0.167, 1 => 0 

91 (masseteric fossa), 0.300, 2 => 1 

106 (dorsal palatine foramen), 0.500, 1 => 0 

154 (interparietal occurrence), 0.143, 0 => 1 

Node 78 -> node 77 

3 (enamel type), 0.600, 1 => 3 

60 (upper molar mesostyle), 0.143, 1 => 0 

62 (upper molar conules), 0.300, I => 0 

81 (lower molar entoconid), 0.333, 0 —> 1 

91 (masseteric fossa), 0.300, 2 => 3 

96 (incisive foramen), 0.545, 2 => 1 

98 (infraorbital foramen diameter), 0.800, 0 => 1 

113 (supraorbital notch), 0.500, 0 => 1 

126 (zygomatic plate), 1.000, 0 => 2 

137 (lacrimal-jugal contact), 0.250, 1 => 0 

145 (postorbital process of frontal), 0.222, 0 => 1 

146 (supraorbital crest), 0.143, 0 => 1 

159 (external auditory canal), 0.167, 0 —> 1 

161 (internal septa of bullae), 0.600, 0 => 1 

166 (distal internal carotid artery), 0.267, 1 —> 4 

167 (course of stapedial artery), 0.200, 0 => 1 

168 (stapedial artery shielding), 0.500, 0 => 1 

169 (facial nerve), 0.222, 0 => 2 

171 (tensor tympani muscle), 0.333, 0 => 1 

172 (meato-cochlear bridge), 0.500, 0 => 1 

195 (third trochanter size), 0.182, 1 —> 0 

196 (patellar trochlea), 0.125, I => 0 
201 (fibula size), 0.125, 0 => 1 

Node 77 —> Sciurus 

181 (radial fossa size), 0.167, 1 => 0 

194 (lesser trochanter orientation), 0.167, 1 => 0 

212 (sustentacular facet contact), 0.333, 0 => 1 

213 (calcaneoastragalar and Su), 0.143, 1 => 0 
220 (calcanealoastragalar position), 0.167, 0 => 1 


Node 77 —» Marmota 

106 (dorsal palatine foramen), 0.500, 1 => 0 
108 (sphenopalatine foramen), 0.429, 1 => 0 


109 (posterior maxillary notch), 0.400, 0 —> 1 
152 (alisphenoid-parietal contact), 0.286, 0 —> 1 
180 (entepicondylar foramen), 0.333, 0 => 1 
184 (posterior edge of proximal ulna), 0.125, 

0 => 1 


Node 84 —» node 83 

35 (P3 shape), 0.667, 0 => 4 
39 (p4 talonid shape), 0.182, 0 —> 2 
45 (P4 hypocone), 0.286, 0 => 2 

47 (m3 occurrence), 1.000, 0 => 1 

48 (M3 occurrence), 0.500, 0 => 1 

53 (upper molar crown shape), 0.429, 1 => 3 
57 (upper molar posteroloph), 0.571, I => 3 
63 (upper molar paracone and metacone), 0.667, 
0 —> 4 

70 (hypoflexid depth), 0.200, 0 —> 1 
72 (upper molar metaloph), 0.500, 0 => 1 
83 (m3 hypoconulid), 0.556, 0 —> 3 
85 (mandibular condyle height), 0.500, 0 —> 1 
88 (coronoid process), 0.667, 0 => 2 
93 (mandibular condyle shape), 0.500, 1 => 0 
109 (posterior maxillary notch), 0.400, 0 => 2 
118 (premaxilla size), 0.571, 0 => 1 
122 (antorbital fossa), 0.667, 0 => 2 

147 (glenoid fossa shape), 0.800, 0 => 1 

148 (postglenoid process occur), 0.667, 0 —» 1 
159 (external auditory canal), 0.167, 0 —> 1 

162 (alisphenoid contribution), 1.000, 0 => 1 

163 (ectotympanic contribution), 0.500, 2 => 1 

164 (entotympanic bulla), 0.333, 0 —> 1 

165 (petrosal contribution), 0.667, 0 => 1 

170 (squamosal to epitympanic), 0.500, 0 —> 1 
179 (greater tuberosity), 0.250, 0 => 1 

197 (distal femur), 0.100, 0 —> 1 

198 (proximal tibia-fibula), 0.333, 0 => 1 

199 (distal tibia-fibula), 0.333, 0 => 2 

200 (fibula-femur articulation), 0.500, 0 => 1 

201 (fibula size), 0.125, 0 1 

202 (tibia malleolus), 0.286, 0 —> 2 

211 (sustentacular facet orientation), 0.500, 0 => 1 
216 (cuboid facet on astragalus), 0.200, 0 => 1 

218 (calcaneofibular facet), 0.600, 1 => 3 

219 (calcaneoastragalar facet), 0.500, 0 => 2 
223 (cuboid length), 0.333, 0 => 1 


Node 83 —> Petrodromus 

10 (II size), 0.500, 0 1 

23 (upper canine occurrence), 0.500, 0 => 1 
68 (hypoflexus), 0.600, 0 —> 1 
97 (infraorbital canal length), 0.500, 0 => 1 
169 (facial nerve), 0.222, 0 => 2 
177 (neck of scapula), 0.250, 0 => 1 
183 (ulna-radia connection), 0.500, 0 => 1 
193 (femoral neck length), 0.167, 0 => 1 
195 (third trochanter size), 0.182, 1 —> 0 
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205 (lateral astragalar trochlea), 0.200, 0 —> 1 
210 (dorsal astragalar foramen), 0.250, 1 —> 0 
214 (astragalar neck length), 0.143, 0 —» 1 


Node 83 —> Rhynchocyon 

9 (II occurrence), 0.250, 0 => 1 

24 (upper canine roots), 0.250, 1 => 0 

95 (mandibular foramen position), 0.250, 0 —> 1 

113 (supraorbital notch), 0.500, 0 => 1 

146 (supraorbital crest), 0.143, 0 => 1 

151 (alisphenoid-frontal contact), 0.250, 0 => 1 

166 (distal internal carotid artery), 0.267, 1 —> 2 

184 (posterior edge of proximal ulna), 0.125, 

0 => 1 

191 (articular surface on femurs), 0.167, 1 => 0 


Node 91 -> node 90 

52 (lower tooth row size), 0.375, 0 => 1 

151 (alisphenoid-frontal contact), 0.250, 0 => 1 

166 (distal internal carotid artery), 0.267, 0 —> 1 

181 (radial fossa size), 0.167, 1 => 0 

182 (supratrochlear foramen), 0.143, 1 => 0 
191 (articular surface on femurs), 0.167, 1 => 0 


Node 90 —> Leptictis 

9 (II occurrence), 0.250, 0 => 1 

39 (p4 talonid shape), 0.182, 0 => 1 

97 (infraorbital canal length), 0.500, 0 => 1 

109 (posterior maxillary notch), 0.400, 0 => 1 

116 (nasal), 0.444, 0 => 1 

122 (antorbital fossa), 0.667, 0 => 2 

164 (entotympanic bulla), 0.333, 0 —> 2 

178 (acromion), 0.200, 0 => 1 

197 (distal femur), 0.100, 0 —» 1 

199 (distal tibia-fibula), 0.333, 0 => 2 

201 (fibula size), 0.125, 0 1 


Node 90 —> node 89 

73 (lower molar trigonid), 0.400, 0 —> 1 

158 (bulla shape), 0.667, 0 -» 1 

159 (external auditory canal), 0.167, 0 —» 1 
167 (course of stapedial artery), 0.200, 0 => 1 
188 (scaphoid and lunate fusion), 0.250, 0 —» 1 
205 (lateral astragalar trochlea), 0.200, 0 => 1 
207 (ventral limit of astragalus), 1.000, 1 => 0 
212 (sustentacular facet contact), 0.333, 0 —> 1 
220 (calcanealoastragalar position), 0.167, 0 —> 1 


Node 89 —> node 86 

23 (upper canine occurrence), 0.500, 0 => 1 

27 (pi occurrence), 0.333, 0 —» 1 

28 (PI occurrence), 0.250, 0 —> 1 

59 (upper molar centrocrsta), 0.750, 0 => 2 


64 (upper molar hypocone), 0.250, 1 => 0 

88 (coronoid process), 0.667, 0 => 1 

96 (incisive foramen), 0.545, 0 => 1 

105 (foramen ovale), 0.333, 1 => 0 

107 (supraorbital foramen), 0.333, 0 => 1 

113 (supraorbital notch), 0.500, 0 => 2 

146 (supraorbital crest), 0.143, 0 —> 1 

163 (ectotympanic contribution), 0.500, 0 => 1 

196 (patellar trochlea), 0.125, 1 —> 0 

201 (fibula size), 0.125, 0 -4 1 

214 (astragalar neck length), 0.143, 0 —> 1 


Node 86 — > Cynocephalus 

9 (II occurrence), 0.250, 0 => 1 
24 (upper canine roots), 0.250, 1 => 0 
26 (lower canine roots), 0.500, 1 => 0 

29 (p2 occurrence), 0.333, 0 => 1 

30 (P2 occurrence), 0.333, 0 => 1 
39 (p4 talonid shape), 0.182, 0 => 1 

49 (upper tooth row size), 0.375, 0 => 1 

58 (upper molar trigon), 0.500, 0 => 2 

62 (upper molar conules), 0.300, 0 => 1 

71 (ectolophid occurrence), 0.167, 0 => 1 

95 (mandibular foramen position), 0.250, 0 —> 1 

99 (postglenoid foramen), 0.500, 1 => 5 

110 (alisphenoid canal), 0.333, 1 —> 0 

114 (mastoid foramen), 0.429, 2 => 3 

127 (orbit position), 0.500, 0 => 1 

141 (jugal contribution to glenoid), 0.500, 0 => 1 

152 (alisphenoid-parietal contact), 0.286, 0 => 1 

154 (interparietal occurrence), 0.143, 0 => 1 

164 (entotympanic bulla), 0.333, 0 —> 1 

167 (course of stapedial artery), 0.200, 1 => 2 

176 (number of sacral vertebra), 0.500, 1 —> 2 

181 (radial fossa size), 0.167, 0 => 1 

182 (supratrochlear foramen), 0.143, 0 => 1 

183 (ulna-radia connection), 0.500, 0 => 1 

184 (posterior edge of proximal ulna), 0.125, 

0 => 1 

186 (ulnar facet of radial head), 0.200, 1 —> 0 
192 (greater trochanter position), 0.167, 1 —> 0 
204 (astragalus trochlea), 0.500, 1 => 0 
213 (calcaneoastragalar), 0.143, 0 => 1 


Node 86 —> Tupaia 

17 (13 occurrence), 0.333, 0 —» 1 
42 (P4 buccal cusp), 0.231, 2 => 0 
52 (lower tooth row size), 0.375, 1 => 0 
60 (upper molar mesostyle), 0.143, 0 => 1 
63 (upper molar paracone and metacone), 0.667, 
0 —> 2 

109 (posterior maxillary notch), 0.400, 0 => 1 
142 (dorsal process of jugal), 0.667, 0 —> 2 
145 (postorbital process of frontal), 0.222, 0 => 2 
164 (entotympanic bulla), 0.333, 0 —> 2 
166 (distal internal carotid artery), 0.267, 1 => 2 
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194 (lesser trochanter orientation), 0.167 1 —» 0 

195 (third trochanter size), 0.182, 1 => 0 

208 (lateral process of astragalus), 0.200, 0 => 1 
211 (sustentacular facet orientation), 0.500, 0 => I 


Node 89 -> node 88 

16 (i3 occurrence), 0.333, 0 => 1 

17 (13 occurrence), 0.333, 0 —> 1 
31 (P2 shape), 0.600, 0 => 1 

53 (upper molar crown shape), 0.429, 0 => 1 
57 (upper molar posteroloph), 0.571, 0 => 1 
63 (upper molar paracone and metacone), 0.667, 
0 —> 3 

83 (m3 hypoconulid), 0.556, 0 => 1 
86 (horizontal ramus length), 1.000. 0 => 2 
95 (mandibular foramen position), 0.250. 0 —» 1 
99 (postglenoid foramen), 0.500, 1 => 0 
110 (alisphenoid canal), 0.333, 1 —> 0 
122 (antorbital fossa), 0.667, 0 => 1 
133 (palatine-lacrimal contact), 0.500, 0 => 1 
137 (lacrimal-jugal contact), 0.250, 0 => 1 
142 (dorsal process of jugal), 0.667, 0 —> 2 
186 (ulnar facet of radial head), 0.200, 1 —> 0 
194 (lesser trochanter orientation), 0.167, 1 —> 0 
206 (astragalar posterior trochlea), 1.000, 0 => 1 

209 (astragalofibular facet), 0.500, 1 => 0 

210 (dorsal astragalar foramen), 0.250, 1 => 0 


Node 88 —> Plesiadapids 

4 (upper diastema), 0.750, 0 => 1 

8 (il size), 0.500, 0 => 1 

10 (II size), 0.500, 0 => 1 

25 (lower canine occurrence), 0.333, 1 —> 2 

27 (pi occurrence), 0.333, 0 —> 1 

28 (PI occurrence), 0.250, 0 —> 1 

37 (p4 trigonid shape), 0.500, 1 => 0 
42 (P4 buccal cusp), 0.231, 2 —> 1 


87 (number of mental foramen), 0.167, 0 —> 1 

116 (nasal), 0.444, 0 => 1 

118 (premaxilla size), 0.571, 0 => 2 

164 (entotympanic bulla), 0.333, 0 —> 1 

165 (petrosal contribution), 0.667, 0 —> 1 

191 (articular surface on femurs), 0.167, 0 => 1 
196 (patellar trochlea), 0.125, 1 —> 0 
223 (cuboid length), 0.333, 0 => 1 


Node 88 —> node 87 

25 (lower canine occurrence), 0.333 1 —> 0 
55 (upper cheek tooth lingual), 0.500, 0 => 1 
58 (upper molar trigon), 0.500, 0 => 1 
89 (angular process size), 0.500, 0 => 1 
102 (lacrimal foramen position), 0.400, 0 => 1 
128 (orbit orientation), 1.000, 0 => 1 
136 (lacrimal facial process), 0.333, 0 => 1 
138 (jugal-maxilla contact), 0.333, 0 => 1 

145 (postorbital process of frontal), 0.222, 0 => 2 

146 (supraorbital crest), 0.143, 0 —> 1 

165 (petrosal contribution), 0.667, 0 —> 2 

166 (distal internal carotid artery), 0.267, 1 => 2 
169 (facial nerve), 0.222, 0 => 2 

195 (third trochanter size), 0.182, 1 => 0 
214 (astragalar neck length), 0.143, 0 —> 1 
217 (calcaneus width), 0.250, 0 => 1 
219 (calcaneoastragalar facet), 0.500, 0 => 1 


Node 87 —> Notliarctus 

42 (P4 buccal cusp), 0.231, 2 —> 1 
60 (upper molar mesostyle), 0.143, 0 => 1 
192 (greater trochanter position), 0.167 1 —> 0 


Node 87 —> Adapis 

45 (P4 hypocone), 0.286, 0 => 1 

127 (orbit position), 0.500, 0 => 1 


rai, resistance arm of incisor; mma, moment arm of the most anterior fiber of the anterior deep masseter; mt, moment arm of the most dorsal 
fibers of temporalis; mmv, moment arm of most ventral fibers of superficial masseter; ml, mandibular length; ram, resistance arm of molar; dl, 
dental (molar) length (see fig. 5 for landmarks for measurements). Asterisk (*) indicates estimate. 
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AMNH 105832 Palaeolagus sp. 35.6 20.8 9.1 22.6 33.6 21.3 6.2 

Rhombomylus 

1VPPV5278 Rhombomylus turpanensis 53.7 26.1 10.7* 22.1 51.1 36.2 12.2 

IVPPV5288 Rhombomylus turpanensis 38 17.6 8.2 17.1 34.3 24.5 11.3 

IVPPV7585 Rhombomylus turpanensis 23.2 10.8 3.8 10.4 21.5 0 0 
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mma, moment arm of the most anterior fiber of the anterior deep masseter; mmv, moment arm of the most ventral fibers of the superficial 
masseter; mt, moment arm of the most dorsal fibers of the temporalis; dl, dental (molar) length; ram, resistance arm of the molar; rai, resistance 
arm of the incisor; ml, mandibular length (see fig. 5 for landmarks for measurements). 
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Rhombomylus 

IVPPV5278 Rhombomylus turpane ns is 0.72 0.49 0.61 0.41 0.3 0.2 0.32 0.24 


2003 


MENG ET AL.: RHOMBOMYLUS 


247 


cg 

© 


h Tf M N \0 G 
© © © © © © 


©©©©©© 


G 

© 


nO NO On 
G G G 
© © © 


Tfr G On 
co (S (n) 
© © © 


(N G \0 G 
© © © © 


CG rt G rf G 
G G G G G G 
©<©©©<©<© 


oo cg »g »g on 

G G G G G 

© © © © © 


G NO 
G — 
© © 


so cg On cg 

n n n g g 

© © © © © 


NO G t~- 00 
G G G G 
© © © © 


00 


© 


G 

© 


g oo nj n /i 
© © © © © 


CG G 

in in in ^ 

©<©©©<© 


g Oi Nt - cn no 

m ’t in g tn 

© © © © © © 


Tt CG 
'T >0 


G 




© 


O' G O' G 
G CG G G 
© © © © 


f" 

G 

© 


ig «g 
© © 


G — ON 
G G G — 
© © © © 


OO 


© 


^ ON OO ON 
© © © © 


on r- 


© © 


00 G OO 
— G —' G 
© © © © 


oo m in 

rG CG fG CG Tt 

© © © © © 


00 OO CG 
G CG CG 
© © © 


CG — NO 
CG CG CG 
© © © 


CG CG CG 
© © © 


Tt G G 
CG CG CG 
© © © 


— «g 

CG CG CG 
© © © 


r- CG On oo 

no no no no r" 

© © © © © 


S 5 
© © 


no O' — o 

CG CG CG CG Tt 

© © © © © 


ig T+ G CG —< »g 
TT Tt rt Tt CG CG CG 
©©©©©©© 


© 


m ig 
CG CG 
© © 


00 Tt 
CG CG 
© © 


r r cG 

in no in >n oo 

© © © © © 


On ["• G r"- CG NO on 
hhhhNOnNONOOin 

©©©c>©©©©©© 


NOGCG — 

NO NO NO NO h 
© © © © © 


a a 

e- e- 


s 

j 

I 

OS 


>1 ►> 


(N J. ^ > 


E E 


o- d- 


- *2 *2 X S 


$ 

a. 


E B 


• • C-* 

o. a. b k 


IS 3 


EE: 




d-3 

c n g; 


J5 


& s 


ci, 3 ^ c S 

5: C a ,<3 s x~- cj *; s: 


.8 -S p. 


a -si 
G ^3 
.2 ^ 
G S 55 

<5 Ci n. 

2 

^ £* * 

£ 


§ a. 


C/5 d- 


3 2j 


oo >g 
00 00 
G »G 
ig r-~ 

> > 
q- a. 

Cu a, 

^ ^ 0 


B ? 


rj- G G CG 


OO On I «J G Tt IG 

NO G G J5 G G 

III § x I I 

Z Z Z c z z z 

S S 2 O 2 2 2 

< < < z < < < 


— IG 
© G 
On CG NO 


ig Nt IG - 


5 2 5 r- 

r- r- — g 

^ — — G^t 

U CG IG CG G 

Sxiii 

= z z z z 

“ 2 S S S 

d < < < < 


AMNH 188 Tragulus sp. 0.61 0.22 0.56 0.3 0.19 0.1 0.32 0.32 
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